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SUMMARY

G

dea + n,f::

The Electro-Optical Rectifier (EOR) is a slit-scan coptical-
projection rectifier capable of rectifying oblique frame, strip, and
panoramic photography. Image transformations are accomplished by
programmed motion of the lens carriage, copy platen, and copy carriage.
While the EOR has been a useful instrument, its present control system

has become obsolete.

The EOR Update Study covered an engineering analysis of the present

system, study and evaluation of alternate system designs, and develop-

ment of a preliminary design for an improved EOR system. In the
initial phase of the study, an engineering analysis was performed on

an EOR system at the Defense Mapping Agency Aerospace Center (DMAAC),

St. Louis, Mo. Tests were performed to determine system capabilities

g

5
L ot A . - e
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and limitations. Alternative techniques, components, and equipment

R

were then investigated to determine their applicability to the EOR
system, and cnmparative evaluations were made to select the most
- promising combination of improvements. Based on this efrfort, a

preliminary design was developed for an improved EOR system.

1 In the preliminary design, a dedicated digital computer would

' : perform both the rectification calculations and system control functions
in real time. This independent controller system would provide more

! reliability and flexibility than the present numerically controlled

! rectifier system. To facilitate initial program development and future

& program expansion, a disk operating system is recommended. Other design

é features include replacement of the present analog servo electronics

: with a digital servc system, replacement of gear boxes in the carriage

drive systems to reduce backlash, replacement of carriage and platen

motors and tachometers with modern high-performance motor/tachometers,

and replacement of the present drum drive system with a servo drive

system that allows computer control of drum velocity.
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EVALUATION

The Flectro-Optical Rectifier (EOR) is presently the only production
oriented rectifier within the DOD mapping and charting community with the
capability to transform both color and black and white aerial imagery
from virtually any camera system. The production efficiency of the system
has been seriously impaired due to frequent component malfunctions. It
has become increasingly apparent over the past several years that the only
approach available for continuing the functional life of this vital piece
of production hardware would be to update the system. Therefore, the
subject effort was undertaken to determine where modifications could be
implemented to provide a highly reliable system capable of functioning in
a production environment. The engineering analysis identified the de-
ficiencles within the hardware which if corrected would significantly
improve system reliability and maintainability. These deficiencies and
proposed modifications for alleviating them are documented in this final
report.

The final report is an integral part of the follow-on effort which will
provide for the upgrade of all EOR systems. The upgrade will remedy the

system's deficiencies allowing the EOR's to continue in a very useful

production role.

\—%J ALL yj/fl.vl‘,d tw

JAMES R. TREMLETT
Project Engineer
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SECTION I

INTRODUCTION AND SUMMARY

This report documents work performed on the Llectro-Optical Rectifier
’ (EOR) Update study. The purpose of the study was to deterwmine modifications
which could be made to present EOR systems to improve their flexibility,
reliability, and mairtainability; and thereby increase their functional
life., Study work included experimental tests to determine certain para-
Pl meters of the present EOR units, analysis to determine the feasibility of
3 various approaches to system improvement, and preliminary design work on
recommended improvements. A preliminary design for an improved EOR system

was established., The design is based on a digital coatrol computer and
digital servo systems.

1.1 INTRODUCTION

;%l 5 The Electro-Optical Rectifier (EOR) is a slit-scan, optical-projection
R i rectifier capable of rectifying a broad range of photographic materials.

=y . i Its theory of operation is based on optically transferring imagery lying

= . along lines of constant scale in an input photograph to an output film.,

i ] Rectification 1is accomplished by illuminating a line across the input

photograph and imaging this line onto an output film,using a single lens.
The input photograph is mounted on a stage which scans the photograph
across the illumiaated line in a direction normal to the line. As the

§ input photograph is scanned, the output film is advanced by the motion of
! a rotating drum. A two-dimensional image is thereby transferred from the
i input photograph to the output film. During this process, magnification

£ along the line (optical magnification) is varied by changing the positions
of the lens and photograph with respect to the output film. Magnification
normal to the line (in the direction of scanning motion) is varied by

changing the scanning velocity of the input photograph with respect to the
fixed velocity of the output film,

p———
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Although this EOR concept has been very successful, the present EOR
concrol system has become obsolete. EOR systems have exhibited sensi-
tivity to adjustment, and poor reliability and maintainability. Errors
and physical imperfections in paper tape, which is generated by a sepa-
rate computer system to drive the EOR, have also limited the effectiveness
of the system. The EOR improvement study documented in this report was
undertaken to determine solutions to these and other problems, and to
develop a preliminary design for an improved EOR system,

i | ik \ T e L
TN iy & T B IIAN

b
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1.2 STUDY APPROACH

1t was determined at the beginning of the program that the improved
EOR system should incorporate digital servo systems and a digital control
computer to achieve the basic objectives of the retrofit program. The
study effort was, therefore, directed toward examining alternatives and

e

rent approaches to digital computer control cf the EOR system were
investigated. The first approach is based on having the EOR system com-
pletely independent from other systems. With this approach, the control
computer does the rectification calculations in addition to controlling
the hardware during rectification. The second approach is based on per-
forming the rectification calculations on the 1108 computing system as

Since a preference for the independent system approach was indicated by

concentrated on this approach.

- A major component in the improved EOR system is the control com-
puter programs. These programs must function in real time to control the
8 operation of the EOR. A significant part of the study effort was, there-
Q@ ' fore, devoted to the definition of a program structure and various pro-
g

must be written in FORTRAN, a benchmark rectification program was coded
and tested on a Digital Equipment Corporation (DEC) 11/35 computer. This

e ¥

program structure with respect to real time operation.

| Several different computers were considered for the EOR task. The
alternatives were compared on the basis of cost and ease of interfacing.
A study was performed to determine how to interface the various computers
; to servo logic and parallel input/output hardware which has already been

7
L e e S v o
— -

T e

e

e
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signals required to drive the EOR hardware with the computer.

oy

| A servo derign study was performed to determine servo control
were performed on the present EOR systems to determine certain key

to operate the various mechanical drive systems of the EOR. Analysis was

B I B e e et

specific servo components were identified (manufacturer and model number)
for the servo systems.

r | A survey of presently available process lenses was conducted to

1-2

is presently done, and driving the EOR with the 1108 output magnetic tape.

gram modules of the improved EOR system. Since the rectification programs

experimental activity established the feasibility of certain approaches to

developed by Bendix. The study included definition of the various control

requirements of the EOR and to establish preliminary servo designs. Tests

i performed to determine specifications required for new servo systems, and

determining design parameters within this framework rather than considering
a large set of different alternatives. In the study, two basically diffe-

i DMAAC representatives early im the program, most of the design study effort

characteristics of the present EOR servos and to deturmine torques required

! find off-the-shelf replacement lenses which would increase light through the
EOR optics. The possibility of using a single lens to cover the magnifica-
tion range of 0.6X to 6X was also examined. The light source and condenser

A —————
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optics were studied with the objectives of increasing light and/or
achieving a better color reproduction capability.

As part of the overall system design study, various mathematical
analyses were performed. These included analyzing effects of slit width
and carriage position errors on resolution, and determining relat onships
between carriage position errors and output geometric errors of the EOR.

1.3 SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

The recommended approach to digital computer control of the EOR sys-
tem is to have the computer perform both the rectification calculations
and the system control functions in real time. This independent controller
system approach provides the most reliability and flexibility. For com-
patability with readily available servo interface equipment it is recom-
mended that the PDP 11/35 be selected for the control computer. To facili-
tate initial program development and future program expansion, a disk
operating system such as DEC DOS/BATCH is recommended.

It is recommended that the analog servo electronics be replaced
with digital servo systems. Gear boxes in the copy and lens carriage drive
systems should be replaced to reduce backlash. Carriage and platen motors
and tachometers should be replaced with modern, integral motor/tachometer
units for higher torque, improved dynamic accuracy, ard longer life. It is
also recommended that the present drum drive system be replaced with a
servo drive system to allow computer control of drum velocity.

With some modification of the lens turret and copy carriage cable
routing it is possible to use a single 10-3/4 inch focal length lens to
cover the range of 0.6X to 6X optical magnification. A possible lens for
this purpose is presently available from Rolyn Optics. Other lenses
having larger apertures which might be used to replace the present lenses
are also available. None of these lenses have been tested for resolution,
so their use in the EOR would be experimental.

A higher power mercury lamp is available for increasing light in
the EOR system, but its use is not recommended because of increased heat
and the need for a new high voltage power supply. Use of xenon lamps in
the EOR is also not recommended because of the large amount of infra-red
energy they radiate. With a servo controlled print drum, better color
reproduction can be obtained by using color correction filters on the
present lamp and running the drum at a slower speed.

1.4 SUMMARY OF REPORT

Section 2 of the report documents the various project studies. Each
subsection of Section 2 discusses specific study results, ccnclusions
and recommendations. In Section 3 the various conclusions and recommenda-
tions of Section 2 are summarized. Appendix A presents a derivation of
image motion smear transfer function, and Appendix B consists of benchmark
program listings. Appendix C presents a description of the recommended
system preliminary design.

1-3
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SECTION 2

EOR STUDY

This section documents the various studies which were performed as
parts of the overall EOR study. Section 2.1 discusses the system
approaches which were considered during the study. Section 2.2 discusses
various factors which affect the selection of the control computer and a
suitable set of peripheral devices. Section 2.3 documents the computer
programs study. Results of benchmark program runs of a frame rectifica-
tion program are presented in this section. Section 2.4 documents a
study which determined how to interface the EOR to the various control
computers. The servo design study is documented in Section 2.5; this
section includes results of the various tests performed on the servos
of the present EOR system. Section 2.6 presents results of study effort
on optical components of the EOR. This section discusses the possible
use of a single lens to cover a magnification range of 0.6X to 6X. In
Section 2.7 several mathematical analyses which were performed as part
of the EOR study are presented. These include analyses of the effects
of slit width and carriage position errors on resolution, and the
relationships between carriage position errors and output print errors.

2.1 EOR SYSTEM CONTROL ALTERNATIVES

In the EOR system study, two .acically differeut approaches to
implementing computer control of the EOR were considered. The first
approach, which is the preferred one, utilizes a computer control system
which is completely independent of other systems. The second approach
is conceptually similar to the present system where rectification
computations are done off-line on the 1108 computer system and the EOR
system is driven by a data tape. Because DMAAC personnel indicated a
preference for the independent controller, study effort was concentrated
on this approach. The following paragraphs discuss the two basic system
alternatives and some of their variations.

2.1.1 Independent Controller System

The independent controller system apprcach results in an
EOR rectifier system which is completely self-contained. It requires
no external preprocessing of information prior to the rectification
operation. Such a system might consist of a control computer with a
disk operating system, a cartridge disk unit, a CRT terminal for entry
and display of data, an operator control panel, and an interface through

which the EOR is controlled. Programs within the control computer generate

print drum velocity, and solve the requisite rectification relationships
in real time to control the positions of the print drum, copy platen,
copy carriage, and lens carriage. A set of rectification programs is
available in the computer system to provide rectification of a variety
of photograph types such as oblique frame, panoramic, and strip. The
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ams are written in FORTRAN so that the user of the EOR

or add to the set of rectification programs.

ontrol the EOR servos are written in assembly

ed for speed of execution. The functions

de servo rate limiting, acceleration limiting,
are independent of the rectification

rectification progr
system can easily modify
Programs which actually c
level language and are optimiz
of these programs, which inclu
and servo position error compensation,
geometry and need not be modi
rectification mode programs,
and maintenance.

fied by the user. In addition to the
the system includes programs Ffor calibration

To operate the independent controller system, the operator
enters rectification parameters through the CRT terminal. He then mounts
and aligns the photograph on the copy platen, and loads the film drum.
Depressing a START button then causes the system to generate a rectified
print on the output drum according to the selected rectification program
and the parameters entered for that program. When finished, the system

stops and signals the operator.

The primary advantage of the independent controller system

is that it is self-contained and does not rely on the availability of an
off-line preprocessing computer for generation of servo commands. Since
rectification computations are done in real-time during the printing
operation, the production time associated with this step is eliminated.
Elimination cf the time lag between rectification calculation and print-
ing also gre:ztly reduces turn-around time for runs which must be repeated
because of inadvertant use of wrong parameters or other such unpredict-~
able events. Since no physical storage medium such as paper tape Or
magnetic tape is used to convey servo commands from the rectification
calculations to the servo controller, repeat runs due to tape errors are

eliminated.

ler system, rectification programs

In the independent control
library subroutines during

are written in FORTRAN and utilize FORTRAN
execution. The control computer for this system must, therefore, have

a software operating system and the necessary peripherals to support
FORTRAN programs. Since part of the programs are written in assembly
language, the system software must also allow for mixing (linking)

FORTRAN and assembly language programse. Because the programs must control
the EOR in real time, the control computer must be capable of executing
instruction rapidly, implying the use of hardware rather than software
for arithmetic functions such as multiply and divide, and possibly also
for floating-point arithmetic. All of these necessary or desirable
features require a more expensive control computer system than that which

might be used with a simpler system.
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With the independent controller system approach, certain
variations in operating modes are possible., It is possible, for example,
to perform a rectification run without actually printing. This is useful
to detsrmine whether or not EUR physieal lindes are excecded without
ruining a piece of film. The trial run can be made at a faster-than-
normal speed with the servos disconnected (in software) so as not to
waste time. It iIs also possible to perform the rectification calculations
and control printing as two separate operations. The FORTRAN rectification
programs can be run and the resulting servo commands stored on the disk.
Ttiis program run nmeed not be made in real-time. As a scparate operation,
the data on the disk can be played back to control the servos for printing.
This approach has the advantage of not requiring fast computer hardware.

If the system is equipped with a magnetie tape unit, it would be possible
to configure the independent controller system as a tape driven system
(described in the next section) which could use tapes generated by either
itself or the 1108 systen., Secause of its nany advantages, the indepen=
dent controller system is recommended for the improved EOR system, and is
described in more detail in Appendix C.

2,1.2 Tape-Driven Controller System

The tape-driven controller system is conceptually similar
to the present EOR system, In this system, rectification computations to
determine carriage commands are done on the 1108 using the present 1108
EOR programs. The magnetic tape output, however, is used directly to
drive the EOR system, eliminating the paper tape conversion step of the
present system. The tape-driven controller system could consist of a
small control computer, a CRT terminal for data entry and display, an
operator control panel, a magrnietic tape unit to read the 1108 output
drive tape, and an interface through which the EOR hardware is controlled.
In such a system, the control computer reads position commands from the 1108
magnetic tape and drives the various servos accordingly. The computer pro-
grams interpolate between the coarsely recorded points from the drive tape
to produce smooth servo motion. Other real time functions performed by
the prograws ifuclude servu veloclity 1llmiting, acceleratlon liwiting, and
position error compensation. In addition to the programs which control
printing, there are programs for maintenance and calibration of the system,

To perform a rectification run on the tape-driven system,
the operator mounts the 1108 drive tape on the magnetic tape unit, posi-
tions the photograph on the copy platen, and loads the film drum. Using
the CRT terminal as a communication device, the operator then reads the
first magnetic tape block and initializes the servo positions. Since the
print drum is servo controlled, the operator can enter an arbitry print
velocity. Depressing a START button on the control panel then causes the
system to read position data from magnetic tape and drive the various
servos accordingly. During the rectification run, servo positions can
be displayed in real time on the CRT terminal.




The computer is programmed in assembly language for speed optimization.

[
-

The primary advantage of the tape controlled system is its
lower cost. Sinee the computer is not required to run FORTRAN programs
in real time, the computer hardware and operating system can be simple.

Additions to or modification-of the rectification programs are done on
the 1108 so the LUR control computer system does not have to be eon-
figured for ease of program modification. -

While there are cost savings of the tape-driven system with
respect to the independent controller system, these savings are not great.
Hardware cost savings are not large. During the computer programs study,
the mathematical model of the present EOR programs was reviewed. If a
limited set of these programs such as linear enlargement, frame, panoramic, L
and strip were all that is required, the FORTRAN programming effort \
required would not be great. The fact that the tape-driven system would

not require rewriting these FORTRAN programs is, therefore, not a great *,

advantage.

2.1.3 Dual System Controller

With either the self-contained system or the tape-driven
system, there is a possibility of using a single computer to control
two EOR systems. In such a system, the control computer and its resources
would be time-shared between two sets of programs. This possibility
was not pursued in depth in the study, but certain observations can be .
made about this approach.

The computer programs for the dual system would be much -
more complex than for the single systems. Although system software is
available from computer manufacturers for running multiple real time
programs on a single computer, it is not clear that the programs could
be run fast enough on a small computer to do an adequate job of servic-
ing the servos. Experience with a similar system where a stereoplotter
and printer were controlled simultaneously indicates that it is possible,
but special programming was used. In the plotter/printer system, all
programs were written entirely in assembly language (no FORTRAN), including
a task scheduler. No operating system was used (except for certain I/0
service routines), so operating system overhead was minimal. This system
used a PDP 11/45 with floating-point processor.

i a2

In addition to the increased programming difficulty, the
dual system controller concept has certain operational shortcomings. In
the event that one of the EOR units required service, it would be cumber-
some at best running diagnostics and other maintenance programs simulta-
neously with production on the other unit. One can, of course, provide
separate CRT terminals, etc. for each unit, and structure the maintenance
programs for dual operation also, but this increases the cost of the system. 4
If the control computer malfunctions, of course, neither system can be
used for production.
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Evaluation of this approach is a matter of weighing its
disadvantages against the cost savings obtained by only having to pur-
chase one computer system, In the case of the independent controller
system, the price of a computer, disk unit, and CRT terminal can be saved.
In the case of the tape-driven system, the price of a computer and CRT

terminal can be saved, but two magnetic tape units would still be required

for simultaneous rectification operation.

2.2  CONTROL COMPUTER AND PERIPHERALS

Hardware and software must be chosen to optimize EOR systems for
production. Speed, reliability, and ease of operation are necessary
characteristics for the new EOR systems.
device-set/software combination that best achieves these characteristics
is different for the various EOR system control alternatives mentioned in
Section 2.1. In the following paragraphs the selected optimum combination

for each alternative is discussed. Requirements of the first, develop-
mental system are mentioned also.

2.2,1 Independent Controller System

The independent controller system approach requires a fairly
sophisticated computer capable of handling a variety of tasks. It must be

fast enough to solve the requisite rectification calculations for real time

control of the print drum, copy platen, copy carriage, and lens carriage.
Such speed requirements suggest that the computer should be equipped with
hardware arithmetic functions.
language multiplies, divides, and floating-point operations take time to

design and code, and are much slower than correspondiug hardware functions.

Rectifier outputs must be accurately spaced time-wise in
order to provide efficient, smooth servo motion.
must have a cloc™ interrupt feature with outputs occurring at the start of
each clock cycle. Custom-designed interfaces between the computer and the
rectifier unit should be readily accommodated. Also, the rcomputer should
support a wide range of peripheral devices for both I/0 and storage, and
provide for adding a sufficient amount of easily accessed memory.

Software configuration requirements for the computer are
threefold. First, there must be diagnostic programs capable of testing
the equipment supplied by the computer's manufacturer, Second, there must
be adequate system software available for developing application programs.
A text editor, an assembler, a FORTRAN compiler, a linker, and a debugger
are essential., The linker must e able to link overlay structures and
FORTRAN programs with assembly .....  programs., Third, there must be

a software operating system which runs n conjunction with application
programs to support FORTRAN. If the op' "ating system also provided inter-
action with all peripheral devices, it would save a great deal of effort
in designing and coding the application programs. All of the computer's
software should be able to be purchased on a suitable medium; i.e., the
peripheral device required for loading system software into the computer
should be able to be used for other purposes in the EOR system.

2=5

The specific computer/peripheral-

Software subroutines to accomplish assembly

Consequently, the computer
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A search for those marketed computers most suitable for the
independent controller system resulted in three possibilities. Judged to
be interchangeable, the three computers are Digital Equipment Corporation's
PDP-11/35, Modular Computer System's MODCOMP 11/25, and Data General
Corporation's Nova 2/10. Any one of the three would serve the purposes

of the new EOR system well.

All three computer manufacturers offer disk operating systems
for the computers selected. Disks are tremendous time-saving and, there-

fore, cost-saving devices. Upon execution of the application programs, time

is saved because the basic program and subsequent overlays take only a few
seconds to load from disk into memory. Loading programs from paper tape
can be a lengchy task taking many minutes. If a random overlay structure
is used with paper tape, the operator must be responsible for positioning
the paper tape at the overlay to be read next., With a disk system the
operator need not even be aware that an overlay structure exists.

During the development of application programs the time-
saving feature of a disk is particularly evident. The disk serves as
the storage medium for all system software required for program develop-
ment as well as for the application programs themselves. A system soft-
ware program, such as the editor, loads from disk into memory in seconds.
Once the editor is resident in memory the programmer easily reads
part of the application programs into memory, makes changes or additions
to it, and stores the new version back on disk. Editing, assembling
or compiling, and linking all are more rapidly performed. Because of
the ease with which programs are modified, changes probably are made
more often than if a paper tape or a magnetic tape medium were being used.
With a paper tape system the tendency is to put program changes on short
patch tapes in order to avoid punching the entire program. Keeping track
of which changes are on which patch tapes is an arduous bookkeeping task.
When many patch tapes accumulate or no more modifications need be made,
the changes on the patch tapes are incorporated into the one long pro-
gram tape. Sometimes a change is forgotten, causing redundant program
debugging to occur. With both magnetic tape and paper tape systems,
program bugs are cften fixed temporarily by changing the erroneous words
in memory after the program is loaded. These changes are made by way
of the debugger or computer console and are in machine language. The
machine language code is difficult to determine, and the determination in

itself is error-prone.

Beyond saving time, a disk can also save memory space.

Data required only at specific points during the execution of the applica-

tion programs can be stored in files on disk and read into memory only
as needed. Additionally, the disk can provide for intermediate storage

of unique data produced during the program run.
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A removable cartridge disk is judged to be a necessary
peripheral device for the independent controller system. Other devices
deemed necessary are a CRT terminal, a teletype, and one magnetic tape
unit. A terminal is required to provide for communication between the
operator of the EOR system and the programs. The operator enters para-
meters and directives by way of the terminal, and the program prints
informative messages to the operator by way of the terminal. In the
independent controller system such required communication is profuse,
Consequently, the most suitable terminal for the system is a CRT termi-
nal because it has the advantage of being much faster on output than
mechanical terminals. Messages that are longer and more complete can
be printed by the program with no waste of time. Alsvo, a continuous *
dynamic display of changing data is feasible only on a CRT terminal

(with an addressable cursor). During development of the EOR programs b,

the CRT would be used by the programmer to communicate with the computer's
system software. Because of its speed, the CRT terminal would save
program development time,

A teletype or scme other printer is truly necessary only
for program development. The programmer must have some way of obtaining
hardcopy listings of the EOR programs. Although a teletype is a re-
quired purchase for the first EOR system alone, it is easy to envision
its usefulness on all production systems. For example, it could be
used to produce a hardcopy of information resulting from a rectification
run or calibration run. Furthermore, its paper tape feature could pro-
vide for entering parameters by way of paper tape as an alternative to
the operator typing them into the computer by way of the CRT terminal.

Backup copies of the disk should be made periodically as
insurance against the destruction of disk contents. The frequency with
which copies are made depends on how often changes are made to disk '
contents. On the EOR system, for example, a disk save should be per-
formed whenever the carriages are recalibrated, since a new set of cali-
bration data then exists in a file on the disk. Magnetic tape is a good
medium on which to save disk contents. If the EOR production systems
are in close proximity to one another, only one need have a magnetic
tape unit attached to it. The disks for all of the EOR systems can be
copied onto magnetic tape at that one system. The only incovenience,
then, is a necessity to schedule disk-saving sessions,

Another use for magnetic tape stems from the fact that the
computer's disk operating system software can be purchased on magnetic
tape for transference onto the disk. Therefore, a nine-track, industry-

standard magnetic tape unit should be part of the first, developmental
EOR system,
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2.2.2 Tape-Driven Controller System

g

'3 The requirements of the tape-driven controller system call «
; for a computer from the same class as the computer for the independent con-

oy troller system with the difference tliat fiwer hardware features need be |
; purchased as part of the computer package. In other words, the three -

3 computers selected for the independent controller system are also appro-
priate for the tape-driven controller system, except possibly for the
MODCOMP II/25, which could be changed to a 1/25., Hardware arithmetic
functions are not required because lengthy rectification calculations
are not done in real time. The calculations that do occur, interpola-
tions of buffered magnetic tape data, are simple and take place in the
background program as opposed to the clock program. Therefore, time
requirements are not stringent.

The computer still must have a clock feature to provide {
y for interval interrupts. Rectifier outputs must be accurately spaced to i
yield smooth servo motion. Interfacing between the computer and the

rectifier unit should be readily handled, and the computer should support

1 several peripheral devices for I1/0.
ii There are two software requirements for the computer. First,
i there must be diagnostic programs which test the equipment supplied by 5
1 the computer's manufacturer. Second, there must be developmental system o
software consisting at least of an editor, an assembler, a loader, and -

a debugger. There is no need for a FORTRAN compiler or an operating

system. The routines written in FORTRAN in the independent controller !

system are the routines that perform the rectification calculations. These " i

routines do not appear in the tape-driven controller system. Largely i

because of no necessity for FORTRAN or an operating system, less memory 'f

is required by the tape-driven system. g
|

2
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For the same reasons mentioned in Section 2.2.1, a disk !
would appear desirable as a peripheral device for the tape-driven system,
However, it is not necessary. Operating time lost by loadirng programs into
memory from paper tape can be made up in other ways. For example, setup
time on the tape-driven system should be shorter than on the independent
! controller system due to the need for less operator-program communication.

1 Without a disk, a high speed paper tape reader/punch is a ¥
necessity to be used during applicatior program development and for load- |
ing the EOR programs into the production systems. (This assumes that the N
computer manufacturer's software package is available on paper tape and l

o not on magnetic tape.) Additionally, servo correction data resulting

- 3 from calibration of the EOR unit's carriages would be punched on tape
during calibration mode. The resulting tape would subsequently need to
- i be read whenever the rectification program tape is read into memory.
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A magnetic tape unit is an obvious peripneral device require-
ment for the tape-driven controller system since the nagnetic tape output
of the 1108 needs to be read if it is to be used to drive the EOR system.
The only remaining devices needed are a CRT terminal and a teletype.

There is not a great deal of operator-program communication, so a teletype
would be an adequate terminal for the tape-driven system except for one
drawback. A CRT terminal with an addressable cursor is necessary if a
continuous dynamic display of changing data is desired. Assuming then
that a CRT terminal is used for communication between the aperator and

the programs, the teletype is needed only for program development as in
the case of the independent controller system.

2.2.3 Dual System Controller

There are two hardware configurations possible for the dual
system controller. Which configuration is used depends on the desired
method for operating the two EOR units. If one operator is to direct tlke
functioning of both units, hardware would consist of a computer, a disk,
one CRT terminal, one magnetic tape unit (or two if the dual system is
to be tape driven), and a teletype. Under this configuration the two
e, EOR units do not function completely independently. Any operator-

/ program communication required during rectification setup, calibra-
tion operations, and diagnostic proredures must be directed toward one
unit or the other. The only simultaneous functioning able to be

y | envisioned is the operator communicating with the program concerning
one unit while the other unit is busy rectifying. If the two EOR units
o are to operate completely simultaneously and independently, another CRT
terminal for a second operator must bz added to the above hardware con-
= figuration.

PR

Regardless of the precise configuration, the computer in
both cases must be one that is comparable to Digital Equipiment Corporation's
PDP-11/45 in speed and available features. Particularly if the dual
system is not tape-driven, a hardware floating-point processor is
required to make the computer fast enough to handle two sets of rectifi-
cation calculations in one clock cycle. Because of program complexity
memory should be expandable to 64K and the computer should be equipped
with programmable priority interrupts. Considering aesthetics alone,
priority interrupts and computer speed keep the operators in a two-person
configuration from noticing lags in the operation of their individual
CRT terminals., At a deeper level, these two features are required for
simultaneous functioning of the EOR units. A disk with complete disk
operating software is considered essential for the dual system controller.
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2.3 COMPUTER PROGRAMS STUDY

The computer programs study was undertaken to determine the best
destygn for the new LOR system programs. The study concentrated on the
preferred independent controller system approach; consequently, this sec-
tion discusses the study effort with respect to that approach. Because
the recommended new system is completely self-contained, the study was un-
encumbered by concern for compatibility with other systems. The only
restrictive considerations involved the new system's computer. The pro-
grams had to be designed for available hardware and software, and the cost
of such hardware and sofiware could not be prohibitive. The configura-
tion outlined in Section 2.2.1 was assumed.

Program design depends to a large extent on intended methods for
operating a system. The first step in the study, thereiore, was to define
desirable operating characteristics for the new EOR system, Specifically,
a choice had to be made between operating flexibility and strict computer
control.

In a system operated under strict computer control the program leads
the operator step-by-step through all functions that must be performed.
At each step the program asks the operator to make a yes/no decisionm,
requests data entry, or tells the operator to perform some operation. The
operator's response is checked by the program to see if it is appropriate.
Consequently, the system is closely guarded against operator error.
Purthermore. the cperator can be relatively untrained and still operate
the system. The major disadvantage of strict computer control is its
rigidity. The operator cannot deviate at all from the operating path
provided by the programs. Exceptional conditions that may require a
slightly different procedure cannot be handled withiout changing the pro=
gram itself, Also, should the operator make a mistake that is undetect-
able by the program, he is unable to correct his mistake without starting
the programs over again.

In a system designed for operating flexibility the operator tells
the program what to do next. The program might list a menu of possible
functions for . ‘'e operator to perform, but the operator orders the functions
himself. He z.lso enters data whenever he pleases. The program, in
general, does not question the operator's actions. Consequently, a
system operated in this fashion may be more prone to error, especially
in the hands of an untrained operator. An advantage of the flexibile
system is, however, that operator mistakes are easily corrected without
having to start operations over again,

For the new EOR system a choice was made in favor of the flexible
approach. Operation of the EOR system is not complex. Only a limited
aumber of functions needs to be performed for each rectification. Once
the operator is familiar with the system he should make very few mis-
takes. In short, the advantages of the flexible approach were judged to
be of greater importance than the advantages of a strictly controlled
computer system,
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As soon as the flexible approach was selected, it became clear
that the program handling the CRT terminal's I/0 would be of central
importance in the new EOR system. The operator can type entries to the
program at any time and the program must always be ready to receive them,
Onc way to make sure that no typed inputs are missed is to operate the CRT
terminal in an interrupt-driven mode. However, it is not necessary to
use CRT interrupts if the program has little computing to do and few
peripheral devices are being used. Without interrupts the program must
loop continually looking for CRT terminal inputs. The critical factors
in determining whether or not to use interrupts are (1) what the program
is doing besides CRT I1/0 and (2) how much time is required by the routines
servicing CRT I/0. In the case of the new EOR system the only operations
occurring in addition to the servicing of CRT I/0 are the handling of the
disk peripheral device and the performance of real time calculations in i
response to regular interrupts. Both disk handling and real time clock P
calculations are more important program functions than CRT I/0 servicing.
Therefore, if CRT interrupts were to be used they would have :to be at a
lower priority level than the disk and clock interrupts. Furthermore,
although it is difficult to judge the time requirexents of the CRT 1/0
servicing routines, it is expected that these servicing routines are not
especially time-consuming. As a consequence it was decided to design the
programs assuming that the CRT terminal is not operated in an interrupt-
driven mode. Because of this assumption the CRT handler must be the
core of the background program in the sense that it must be executed
repeatedly and often,

Beyond being a function of operating procedures, program design
also depends on the probability that the programs will need to be changed
or expanded at a later date. If expectations are high that changes and

additions are likely, it is best to do the following three things: | A2 “

(1) Separate the programs into program secticns or modules, ‘
Then when changes are made only the changed modules, not
all of the programs, need to be assembled or compiled and |
linked to the other program sections, i

(2) Develop an overlay structure. There is then less chance i
of running out of room in core memory when changes and ]
additions are made,

(3) Write the programs in a high level language such as
FORTRAN. Programs written in high level languages are
more easily understood and changed.

For the new LEOR system,future changes and additions are most likely for
tliose program sections in which the actual rectification calculations
take place. Several rectification options (frame, panoramic, linear
enlargement, etc,) are desired currently, and new options probably will
be added at a later date. Consequently, it was decided that the pro-
grams required by each rectification option should comprise one pro-
gram module, Furthermore, especially since only one option can be used
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at a time on the rectifier, the rectification programs should be stored
on disk in mutually exclusive overlays where one overlay exists for each
option. The rectification calculations for each option fall naturally
into two divisions: those performed once to initialize rectification
variables and those execited repeatedly to generate positioning informa-
tion throughout the rectification process. It was Jernided that each

set of calculati ms should be written in FORTRAN in a well-defined for-
mat and stored as a subroutine. The first subroutine is called the
initialize routine and the second is called the update routine.

The next step in the study was to resolve a problem concerning
the update routine. Each pass through the routine results in new copy
platen, lens carriage, and copy carriage positions for the next scan.
The clock program then has the responsibility of using the computed values
to position the servos. The update routine is time-critical because
position information must be available for the clock program when the
clock program is ready for it. Otherwise, the servos will not run
smoothly and at maximum speeds. Therefore, a method of running the
update routine on a regular basis had to be found.

Two methods of ensuring a regularly executed update routine were
considered. The first method is depicted in Figure 2-1. The routine is
performed at a priority level below the clock program but above the back-
ground program. Execution of the update routine is triggered by the
clock program at the end of every nth clock cycle. Platen and carriage
positions computed by the routine are metered out to the servos by the
clock program over n clock cycles. The primary advantage of this method
is that the execution time of the update routine is not limited severely.
Its only time restrictions are the following:

(1) The update routine must complete its calculations within
n clock cycles while the clock program is metering out the
update routine's last previous results.

(2) There must be enough time left over during the n clock
cycles and n must be small enough to allow frequent execu-
tion of the background program.

Two disadvantages of this method relate to program complexity. They are:

(1) The metering out of positional changes to the servos is an
extra task for the clock program to perform, If a different
update rate (n) is allowed for each rectification option,
the task becomes more complicated.

The manner in which the clock program triggers the update
routine requires either extra hardware or additional software.
The extra hardware approach involves an interrupt able to be
set by the clock program to go off as soon as the clock cycle
has completed. The interrupt starts the update routine. The
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additional software approach requires tne clock program
to jump directly to the lower priority update routine at
the end of every ath clock cycle. Special bookkeeping is
required to ensure that the update routine returns to the
clock-interrupted jocation in the background program when

it is finished.

SERVO OUTPUTS M2 SERVO OUTPUTS M- SERVO OUTPUTS M
|
s e - -1 - —+— p—t—f—+—+- - - CLOCK PROGRAM
w2 ndl all 2 mt o n] 1 2 n-'ln'l!!l.‘i
TRIGGER TRIGGER TRIGGER
UPDATE M1 UPDATEM UPDATE M+1 UPDATE ROUTINE

A-276 6

Figure 2-1 - Update Method I

The second method considered for executing the update routine is

to call the subroutine as part of the clock program itself. Assuming

the clock must cycle at 100 times per second for optimum servo operation,
the routine is called every clock cycle or at some slower rate such as
every other clock cycle. The rate depends on the amount of time needed
by the background program. Regardless of the computation rate, the
update routine must fit time-wise into one 10-ms clock cycle. To deter-
mine whether or not update routines can be completed within this time
regtriction on equipment under consideration, benchmark tests were per=
formed on a PDP 11/35 computer. The tests were run twice. The first
time they were rTun using the computer's floating-point option. The
second time only an extended instruction set that includes hardware
multiply and divide was used. Each test was written in FORTRAN to time-
repetitive frame calculations under a different condition. The frame
calculations were chosen because they seem to be the most demanding of
all the rectification options, especially when the position of the recti-
fied image (Vk) is less than or equal to 2ero. Under that situation

the most FORTRAN library functions aré called, and FORTRAN functions

are time-consuming. Each test follows the format depicted in the
flowchart of Figure 2-2. The calculations that ''compute jnitial values
for quantities needed later" are a subset of those that take place in
the frame initialize routine. When a FORTRAN PAUSE statement occurs on
the PDP 11/35, an action message 1s printed on the teletype. Typing

O continues the program. By continuing the program after the first
PAUSE and keeping track of elapsed time until the second PAUSE it can be
determined how long it takes for 10,000 iterations of the frame calcula-
tions to occur. Division of elapsed time by 10,000 yields the time it
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takes for one iteration to occur. The initial position of the rectified
image is printed before the first PAUSE and the final position of the
rectified image is printed after the second PAUSE as a check on the test
program. All of the test programs set the drum velocity input data item
to a value of 0.0005 in,/scan. Therefore, in 10,000 iterations the
expected positional change of the rectified image is 5 in. The listings
of the tests and the printouts resulting from running them are contained
in Appendix B. The input data items used and the results of the tests
are summarized in Table 2-1. Things to note about the tests are:

(1) Test 2, in which the Vk position of the rectified
image is almost exclusively less than or equal
to zero, took the longest time to execute.

(2) Although the data for test 1 is more complex than the
data for test &4, they took about the same amount of
time to run. In both of these tests the position of
the rectified image is generally positive.

(3) The time for test 5, in which the position of the
rectified image is positive half of the time and
negative half ot che time, is the expected result,
That is, test 5 ran in a time that is half way
between the results of test 2 and the results of
test 4.

(4) The tests took over three times longer to run when
only the extended instruction set was used instead
of the floating-point option.

The conclusion resulting from the benchmark tests is that it is
possible to run an update routine as part of the clock program provided
that the computer used is as fast as a PDP 11/35 equipped with the float-
ing-point option. In view of the fact that it is easier to implement,
this method is the preferred method for executiug update routines. The
first method discussed can serve as a backup alternative in the event that
timing becomes radically different than expected from the benchmark tests
or a slower computer is used.

An unexpected conclusion reached from the tests concerns current
EOR analytics. In developing the benchmark tests it was originally planned
to use a negative value or zero as the initial position of the copy (input

data item vo) in test 2, Attempts made to run test 2 under those con-
ditions caused initial calculations to be indeterminate. A small posi-
tive number was finally assigned to vo for test 2. Benchmark test 3

was then written to determine why the original strategy caused errors.
(Test 3 results are not shown in Table 2.) The input data items

for test 3 were made identical to those for test 2 except for vo which
was set to -1.0. Various intermediate values within the initial computa-
tions were printed out. From them it was found that the relationships




*uoyT3jeluUldWNIOP JYOHA 3Iuasaad ur pasn jeyj se swes 9y3 ST UOTIBION ¢

jurog N
SurieoTd
INoOY3ITM°T

uoTje133 /s #°GT |uworleralT/sw T°IT |uorIeaalr/sum /°6T [uoTIeialT/sm 8°TT

uoTleaad]T/SU gy

Gz~
4

wZST¥860°0

wbLLEIL6°ET

ueds/,,6000°0

*Tm*Ineu 0°6EHE
w0°9

‘Twe*3neu Q°f

UOTIeIDIT/SW g°¢

wI°0-
wb*y
wCST%860°0
W6LLESLE ET
ueds/,,5000°0
“Tw*Ineu Q°6EHE
w0°9

*Tw*3ineu Q°1

uoTle1a3T/Su 0°9

ubv-

ul’0
ucGT7860°0
wblLE9L6°ET
ueds/,,6000°0
“Tm*INeu Q°6ELHE

w09

*Twe3ineu Q°T

uorIe1a3IT/Ssu 9°¢

wby

106°6
wZST¥860°0
WwbLLEIL6°ET
ueds/,,6000°0
*TWeIneu Q°6EYE

u0°9

*Tu-3neu 0°00T

jurog 3urt

-3e0Td YITM'T

IA

oA

v*muadmmm

0

F 0

3 0°SY

el
L T

0°T 0°T 0°1 0°1

:mc.—N :.Hoo :ch.ﬁ

v 3593 T 3591 T 38593

§3S93] jJaieuwyouag jo Kieuung - -7 ITqel

w

: ]
RN A ar A AL S R0

; ¥ :

LY i My
WS B SR

e b oo

o S S S - van A N R
e O e :

e T > - % s e g

L i A B T W il 4




. = oty X 2 - i 5 ks Ay et A e W
e e T e o e I, TS et e e , :

Wy BT
b . S Sk s e |
T ke L L v
¥ AR, P s
I - WL Tea o aalarindal . ond -
g - T ' HE T A v Sl e iy g . et

. Sy
i used in the initial calculations are true only when o, the tilt of vo, 1is
,% i positive., The conclusion is that current EOR analytics should be examined
- closely for further restrictions like the one for vo. Changing the analy-
@: tics to remove such restrictions will result in expanded operational
. capabilities under the new programs.

The computer programs study resulted in the design discussed in
Appendix C. The design incorporates characteristics wentioned in this
section. Specifically, it allows for a great deal of operating flexibility,
the programs are divided into distinct modules that fit into an overlay
structure, FORTRAN is used for the rectification calculations, repetitive
update computations are performed within the clock program, and the CRT
terminal is operated without using interrupts. Before the rectification

calculations are actually coded, current EOR analytics should be examined
and optimized.

il i

=

Should a tape-driven controller system be selected instead of the
independent controller system, operating flexibility would still be a
desirable design characteristic and CRT terminal 1/0 would still be pro-
cessed as indicated in this section. Because of the lack of a disk,
overlays would be more cumbersome. However, as in the design for the
independent system, there probably would be three overlays, one each for
rectification, calibration, and diagnostic functions. The discussion in

this section concerning FORTRAN is not applicable to the tape-driven system ¢£
since no rectification calcula:iions are required. '

2.4 INTERFACE STUDY

LT

The objective of the interface study was to determine the amount
and type of hardware required to interface the control computer to the EOR.

o

»
’ “m -
i TR~ i A e

[
W To accomplish this, the various data and control signals which would be §
:ﬁ* required for communication between the control computer and the EOR ﬁ
by ¢ hardware were itemized. The number of signals, their widths (in bits), 18
1. | and their direction of signal flow (in or out of the computer) established A
I { the number of 16-bit input and output channels required for interfacing. [
- , For the study, it was assumed that servo logic cards, parallel input _i
1§ } cards, and parallel output cards, which have already been developed by £
o . Bendix Research Laboratories, would be used in the system. These cards 4
% z i connect directly to the UNIBUS of the DEC PDP-11 series computers, and are %
g described in Appendix C. Because these cards are directly compatible with !
@5'§ the DEC computer, selection of the DEC PDP-11/35 as the control computer
% will minimize interfacing cost. If the Modcomp or Nova computer is selected,
g a small additional amount interfacing hardware will be required.
#
1
b
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2.4.1 EOR Interface Requirements

Assuming the print drum of the improved EOR system would be
servo-controlled, there would be a total of four servo output channels
required. These channels would convey digital incremental servo position
commands from the control computer to the servo logic for the following
serves:

(1) Print Drum
(2) Copy Platen
(3) Copy Carriage
(4) Lens Carriage

Each servo output channel would require 12 bits (11 bits plus sign) to
take full advantage of the precision of the servo logic. A 16-bit output
channel should be used for each servo channel, even though three channels
would provide sufficient bit capacity. Servo outputs would therefore
require four 16-bit output channels in the interface. In addition to the
data bits, the interface equipment must also generate strobe pulses to
transfer the data to the servo logic cards.

In addition to servo outputs, there are requirements for
information transfer between the computer and the EOR hardware as single
bits. These single-bit transfers provide control functions such as the
shutter control and indicator lamps. They also provide sensing functions
such as limit switch and zero pulse sensing. Table 2-2 lists the various
interface inputs and outputs (including servos) which are either necessary
or considered desirable. The table shows the signal designation, the
number of bits required, and whether it is an input or output. The shutter
control is used to open and close the shutter for printing control. The
RUN lamp, error lamp/alarm, START switch, STOP switch, PROGRAM switch, and
rate control are all signals associated with the control panel. The lens
switch senses the position of the lemns turret, and the shutter switch senses
the position of the shutter. The limit switches sense the ends of travel
of the various servo-driven mechanisms. The zero pulse signals indicate
when the servo quantizers are at their zero pulse or reference positions.

Assuming interface hardware would be configured as 16-bit
channels, Table 2-2 indicates that the interface would require 5 output
and 2 input 16-bit parallel digital 1/0 channels. The 7 channels would
provide 13 spare output command bits and 15 spare input sense bits for
expansion. In addition, tiie backplane assembly which would be required to
house the 7 channel cards has room for 8 cards, allowing for expansion
to 8 channels.

2,4,2 Interface Hardware

The simplest approach to achieving computer control of the
EOR is by utilizing servo logic cards, parallel input cards, and parallel
output cards developed by Bendix Research Laboratories for control of

2-18
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Table 2-~2

EOR Interface Signals

Designation Input/Cutput (1/0)

Print Drum Servo 0
Copy Platen Servo 0
Copy Carriage Servo
Lens Carriage Servo

Shutter Control

RUN Lamp
Error Lamp/Alarm
START Switch

STOP Switch

et £

PROGRAM Switch
Rate Control Code

Lens Switch

!
t
i
3
&
ot
4
3

Shutter Switch

PErs

f VAR A K I T

Platen Limit Switch
Lens Limit Switch
Copy Limit Switch
Drum Limit Switch

Platen Zero Pulse

Lens Zero Pulse

Copy Zero Pulse
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photogrammetric instruments. The servo iogic card, which is described
in Section €.5.1, is an integral part of the digital servo system. It
receives 12-bit increments from the computer and meters them out to the
servo. The rate metering of servo commands provided by this logic is
important to the achievement of smooth servo operation. The parallel
input and output cards provide signal conditioning for external devices.
The parallel input card has circuitry which eliminates contact bounce
noise. The parallel output card has lamp/relay driver circuitry, allow-
ing direct connection to most indicator lamp and actuator circuitry.

The Bendix servo logic and parallel I/0 cards are designed
to plug directly into a DEC BB-11H prewired backplane assembly. Each
of these backplane assemblies accommodates 4 channel cards, so 2 back-
planes would be required for the 7 channels. For the DEC PDP-11/35
control computer, the UNIBUS cable plugs directly into the backplane
assembly. Each backplane assembly has a DEC M105 address selector card
for selecting the I/0 chaunel and generating strobes.

To use the Bendix servo logic and parallel 1/0 cards with
the Modcomp computer, additional equipment would be required. It would
be possible to develop special logic circuitry which would connect to the
Modcomp computer 1/0 bus and generate the necessary signals for the Bendix
1/0 cards, but this is not recommended because of the development cost.
Interfacing to the Modcomp computer can be readily accomplished using
standard Modcomp parallel digital 1/0 equipment in conjunction with the
Bendix I/0 cards. Using the Modcomp 1199-1 1/0 Interface Subsystem with
1121-1 16-bit input, 1131 16-bit output channel cards, and an 1101
synchronizer card, data can be transferred to and from the Modcomp computer.
A minimal amount of additional hardware (primarily for any necessary
buffering or signal inversion) would then be required to connect the
Modcomp 1/0 channels to the Bendix 1/0 cards. For the Modcomp system,
the DEC BB-11 backplanes which hold the Bendix cards would be purchased
blank (instead of prewired) and wiring would be installed between the
backplanes and the Modcomp 1/0 channel cards. Since channel selection
would be performed in the Modcomp 1/0 subsystem, the DEC M105 address
selector cards would not be required. Strobe signals for transferring
data from the Modcomp output channel cards to the servo logic and Bendix
parallel output cards would be generated by the 1101 synchronizer card
of the Modcomp I/0 Interface Subsystem.

The technique for interfacing to the Nova computer would be
similar to that of the Modcomp. A Data General 8311 Expansion Chassis
would be connected to the Nova I/0 bus. The expansion chassis would con-
tain 6 standard Data General 4040 General Purpose Interface boards. Each
of these boards has one 16-bit input and one 16-bit output channel.

These Nova I/0 boards would be connected to the DEC BB-11 backplanes which
hold the Bendix cards. As with the Modcomp interface, the Nova interface
would require a small amount of additional logic. The Nova general pur-
pose interface boards, however, have board space available for mounting
this logic, whereas the Modcomp would require separate cards.
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2.5 SERVO DESIGN STUDY

o e s g Byt

Since the time when the present LOR servo systems were designed, i
significantly improved servo components such as motors, tachometers, and

R . H position encoders have become available, In addition, the techniques

e - cmployed in the design of servo systems have shifted from analog to digi-

tal, with resulting improvements in accuracy, reliability, and noise immunity.

The objective of the servo design study was to develop improved servo system

i designs for the EOR, based on the use of digital techniques and incor-

' porating new servo components. Analysis and testing of the present servo

. systems were performed to determine their key characteristics. New servo

}1 systems were then developed utilizing the new technology, but retaining !
! - those components of the present servo system which are still useful. This

section documents the design study for improving the EOR servo systems.
Detailed descriptions of recommended servo systems appear in Appendix C. ;

e

"ok

i 2.5.1 Summary of Present EOR Servo Systems

j The present EOR carriage and platen servo systems are essen-
3 tially analog type servos. Position commands from paper tape are read and
decoded into analog position and velocity command voltages which are
applied to the servos. The position commands determine the correct posi-
tions of the three servos (copy platen, copy carriage, and lens carriage)
- for performing the desired rectificaticm, The valocity signale are used

to interpolate between successive positions and to provide velocity
compensation for servo lag errors.,

Position sensing is done with feedback potentiometers which ke
generate voltages proportional to carriage or platen position. The '
potentiometers only indicate position within 1 in. of travel and repeat ]
as the carriages are moved along successive 1 in. intervals. To avoid
the discontinuity which would occur at the end of the potentiometer ele- ,
ment, a dual position sensing potentiometer is used. The two sections f
of the dual potentiometer are arranged so that their ranges overlap. One ’
section is used for the first 1/2 in. and the other section is used for b
k-~ the second 1/2 in. In addition to the position-sensing potentiometers, 7
i=d the present servos have compensation potentiometers for correcting carriage l
i I i and platen errors along the entire length of their travel. These compen- &
sation potentiometers have about 60 taps, with each tap having an adjust-

able trimmer potentiometer. This provides for rather arbitrary correction g
; of carriage and platen errors.

-
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The drive motors presently used on the copy carriage, lens !
" ] carriage, and copy platen are 10 W AC servo motors (Diehl FPE 25L=194-2AC).

k| To provide sufficient torque to drive the large carriage assemblies, a

625:1 reduction gearbox is used (Pic ES-41)., Tachometer feedback is gene-

ki “ rated with a DC tachometer generator (Barber Coleman FYLM 43920-51, 5 V

“RY per 1000 RPM) coupled to the motor through 1:1 gearing. The command carrier

£ for the AC servo motor is generated in the servo power amplifier by

chopping the DC input signal, and amplifying and filtering the resulting
AC signal.
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The mechanical drive mechanisms for the copy and lens
carriages consist of steel tapes connected to the carriages, driven at
one end by a 3.438 in. diameter pulley. Carriage position sensing is
done with rack-and-pinion gears (nonbacklash) which drive the position
potentiometer, compensation poteuntiometer, and position indicator synchro
transmitter. The platen drive mechanism is a lead screw with a 0.1 in.
pitch, Position sensing elements for the platen are gear-coupled to the

lead screw.

The print drum of the EOR is presently driven by a synchro-
r with a vernier speed control servo system. Speed reduction is
stage friction drive assembly. To compensate for
£ the friction drive assembly, the housing
of the synchronous motor is driven by a compensating velocity servo system.
The speed of the compensating servo system can be adjusted to achieve
the desired output drum velocity. The drum runs at a constant speed
synchronized with the power line frequency. Although the drum can be
operated at either 0.05 in. per second or 0.15 in. per second, it is

presently operated only at the lower speed.

nous moto
accomplished with a four-
velocity errors due to wear ©

2.5.2 Servo System Tests

To determine certain important properties of the present EOR
drive systems, experimental tests were made on the carriage, platen, and
drum drive systems. The tests provided data upon which to base the design
of the improved servo systems. The tests included servo dynamic response
and backlash tests, torque requirements tests, carriage compensation
requirements tests, and a print drum velocity test. The paragraphs which
follow describe these tests along with test results and their implications

about what improvements must be made,

2.5.2.1 Servo Response, Backlash, and Load Torque

To determine key parameters of the present EOR servo systems,
measurements were made of the time doma’n response and backlash of the
platen, lens carriage, and copy carriage servos. For the time response
tests, the servo being tested was first placed in manual mode and displaced
a small amount from the position commanded by the decoder. The servo was
then placed in auto mode and allowed to settle. The error voltage of the
servo was recorded on a chart recorder during the servo settling time.

Such records produced by all three servos were subsequently analyzed to
determine the servo time constants, which in turn were interpreted to be
the reciprocals of the servo velocity constants. The results obtained are

as follows:

Axis Velocity Constant
Platen 7.2/sec
Lens Carriage 4.1/sec
1.7/sec

Copy Carriage
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Backlash for the three servo systems was also measured.

ST

¥ For o
i the lens carriage, backlash of the position sensor was about 0.0006 in, K
i For the copy carriage, position sensor backlash was about 0.0014 in, .
.ij : Backlash for the drive train gearing was also measured, and the results
; i are as follows:
, Axis Drive Train Backlash ]
g Platen 0.0005 in.
j Lens Carriage 0.015 to 0.020 in.
g Copy Carriage 0.011 to 0.020 in.
Y
The platen backlash is fairly small compared with the lens and copy
B carriage backlash. For the lens and copy carriage backlash values, the
B smaller value was measured by applying a small amount of torque to the
e gear train.

The larger value was obtained by applying larze torque to the

4 gear train. All drive train backlash measurements were made by holding the

! motor fixed and applying torque to the output member of the drive trains. E
f Actual displacements of the various carriages were measured with an Ames

5 gauge attached to the appropriate carriage.

The results of the servo response test show that the present
e EOR servos have significantly different velocity cons“ants., In addition,
W the velocity constants are rather low, with the copy carriage velocity
constant being extremely low. In the present EOR system, the differences
in servo velocity constants are of little consequence because velocity 3
compensation is applied to each servo to remove servo lag error. For the b
improved EOR, it was hoped that the servos could be matched in velocity [
constants so that velocity compensation would be unnecessary. Serv. r
matching is usually accomplished by adjusting the tachometar feedback to | %
|
i §)
H

W 5

3 G T
A e P e A o

increase or decrease damping. This approach offers little hope of success
with the present EOR servos sin

g
B e i NSt Ol e e Tt

: ce the platen and lens carriage servos —
g would have to be matched to the slower copy carriage servo. This would ”&
fj " result in all three servos having unreasonably low velocity constants. | -
o *
i I It may be possible to increase the velocity constant of the | ‘i

1 copy carriage servo by increasing the servo amplifier gain. The primary ﬁ
3 factor which would prevent such an approach is the large drive train .

backlash of the copy carriage. Increasing the gain may result in
excessive gear chatter and perhaps instability. Since the lens carriage
has about the same backlash as the copy carriage, however, it seems
reasonable to expect that the velocity constant of the copy carriage could
be increased to at least the present value of the lens carriage velocity

constant (4/sec). This would be acceptable if the servos were not driven
at speeds in excess of about 10 mm/sec.

s

ST PRV R

.

The problem with servos having low velocity constant (Kv) is
that the dynamic velocity error is large. This requires that the velocity
constants of the three servos be very well matched. It also requires that
a large digital error register and D/A converter be uged in implementing | G

: s
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digital servos. If the velocity constants of the servos cannot be
significantly improved and matched, then velocity compensation nust be
employed in the improved EOR system to compensate for velocity errors.
This is fairly easy to implement in ihe brograms of the control computer,
The most desirable approach, however, would be to replace the present
gearbox wirh une having less speed reduction and consequently less Lack-
lash. This would allow adjustment of the servos for higher Kv, It

would require higher torque servo motors, but such motors are presently
readily available,

To determine the torque

requirements for new servo motors, the
load torque of the lens

The torque

d measuring the force requir
and run the lens and copy carriages., The torque was then computed as

the measured force times the drive pulley radius. The forces were mea-
sured with a spring scale and found to be rather high, probably because
of worn ball bushings on the particular unit measured. The Ccopy carriage
required about 6 to 7 1b running with hard spots and break-away forces

up to 10 1bs, The lens carriage required about 7 1b maximum with typical
running forces of about 4 to 5 lb. The 10 1b maximum force converts to
275 oz-in. torque at the tape drive pulley shaft. With a modest gear

reduction, this torque is well within the capability of present small
torque motors,

ed to break-away

In summary, the results of the servo response and backlash
tests showed that ther. are large differences in the responses of the
platen lens carriage and copy carriage servos. The velocity constants were
also found to be rather low. Because of large backlash in the drive trains
of the lens and copy carriages, it may not be possible to adequately match

the servo responses with the present drive, Replacing the present gearbox
with one having lower backlash W Velocity

tion to the
The torque required to drive the lens

high, but is well within the capabili-
if gear reduction ig used,

Servo response mismatch problem.
and copy carriages was found to be
ties of present small torque motors

2554262 Carriage and Platen Position Corrections

The servo systems of the

present EQR system incorporate
compensation potentiometers to

correct for errors inherent in the
platen, lens carriage,and copy carriage, These errors are due to such

things as lead screw pitch error, carriage position sensing error, and
modeling errors resulting from lens characteristics. The platen has
one compensation potentiometer, and the lens and Copy carriages each
have two compensation potentiometers; one for the 7.85 in, lens and
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another for the 14 in. lens. Assoclated with each compensation potentio-
meter is a set of about 60 trimmer potentiometers, each connected to

a particular tap on the compensation potentiometer. These trimmer

potent fometers provide rather arbitrary corrcetions &0 be added to the

sensed carriage position at regularly spaced points along the carriage
travel,

s
e

hai

The improved EOR system will not use the compensation
potentiometers. Instead, the carriage and platen errors will be com-
Pensated in the computer programs. The positions commanded by the

control computer will then be corrected for errors and hardware correc-
tions will not be required.

To determine the magnitude and nature of the corrections
presently applied to the EOR platen and carriages, measurements were
made of the error voltages across the various compensatior: potentiometers
at uniform intervals. This information was used to indicate the com-
puter programs which would be required on the improved EOR system to
correct for carriage and platen errors. The voltage measurements were
converted to their equivalent positional corrections in inches, and
least-squares linear regression analyses were performed on the data,

The regression analyses determined linear trends and residuals of the
error data sets.

The analysis results are shown in Table 2-3. The standard
deviation values shown in the table indicate the error which would
remain if only simrle linear scaling and offset corrections were used to
correct position e:srors. The residual platen error (0.00037 in. rms) is
fairly small, indicating that simple scaling and offset correction might
be sufficient for the platen axis., The residual platen errors, as

shown in Figure 2-3, are also rather random, indicating no significant
higher order systematic effects.,

id
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i
¢
4
H
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4
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Residual errors for the lens carriage and copy carriage
are rather large, as can be seen from the standard deviations in Table
2-3., Figures 2-4 through 2-7,showing plots of these residual errors,
indicate that the present corrections are of rather high order also,
Figure 2-7 shows two discontinuities in the present compensation for
the copy carriage with 14 in. lens. This, however, may only mean that
the present compensation is not properly adjusted for this axis.

The results of compensation potentiometer voltage measure-
ments and subsequent analyses indicate that tabular corrections will be
required in the improved EOR system for at least the copy and lens
carriages. It may, however, b: possible to use fewer than 60 table
entries if break-points are selected judiciously. The plots of Figures

2-4 through 2-7 show that present corrections are fairly linear between
the various break-points in the curves.
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Table 2-3

Compensation Voltage Analysis Results

Axis Linear Trend (in./in.) Standard Deviation (in.)

Platen 0.0005543 0.00037
7.85 in. Lens Carriage 0.0015719 0.00542
14 in. Lens Carriage 0.0014540 0.01544
7.85 in. Copy Carriage 0.0014476 0.00765

14 in, Copy Carriage 0.0006259 0.02206

2.5.2.3 Drum Velocity and Torque Tests

Samples of output film from the present EOR system exhibited
striations in the direction of the ¢ it aperture, The source of these
striations was initially thought to be variations in print drum velocity.
To test this hypothesis, a test was performed on the EOR system (Unit 4)
to determine drum velocity variations. A light chopper driven by a
synchronous motor was attached to the copy platen. This light chopper
modulated the light from the slit to provide pulses of light at regular
time intervals. For the test, the copy carriage and lens carriage were
initially positioned for 1X magnification and then held fixed throughout
the test. The print drum was allowed to run normally at the slow (5 Hz)
speed,

The printed output film showed the expected line structure
(due to the light chopping) with a nominal line spacing of about 42 um.
Variations in line spacing were observed, and generally where there were
line spacing variations, adjacent open areas of the film showed striations.
Although it was criginally thought that the line spacing variation was due
to drum velocity variation, closer examination of the film revealed that
the line spacing variations are not constant along the direction of the slit,
If the line spacing variation was due entirely to drum velocity variation,
it would be constant across the entire length of the film.,

From the results of the drum velocity test it was concluded
that something other than, or in addition to, drum velocity variation is
causing the vertical striations in the film. It may be that localized
fluxuations in light output of the mercury vapor lamp is causing the
striations. It is also possible, but not very likely, that the drum wobbles.
Another possibility is that some critical component of the optical system
such as the optical slit is vibrating. In conclusion, it is expected
that replacing the present drum drive system with a servo system will not
entirely eliminate the vertical striations in the output film. There are
still, however, good reasons for wanting to replace the present drum drive
system,
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Measurements were made of the torque required to start and
run the EOR print drum. These measurements were made on both Unit 3 and
Unit 4, It was found that the torque required to move the drum forward
was about two to three times as much as was required to move it in the
reverse direction. The torque required for starting was about the same
as required for continuous motion. It was about 80 to 130 oz=-in. in the
forward direction and 40 oz-in. in the reverse direction. This is
somewhat higher than expected, but will not be a significant problem in
the improved system. The fact that the drum turns easier in one
direction than the other offers some hope that it may be possible to reduce
the drum friction somewhat, Also, in the improved system the drum will
be servo-driven and can be run in either direction for printing, allowing
operation of the drum in its easy direction.

s 5 $arr
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2.5.3 Servo Improvement Recommendations

Although it may be possible to use the present carriage
and platen servo motors, amplifiers, and gearboxes in a digital servo
system, it is recommended that these components be replaced. The low
velocity constants of the present carriage servos cause large dynamic
lag errors which are difficult to compensate and result in large residual
dynamic errors. For the EOR servos, which can be characterized as basic
first-order systems, a constant servo error exists whenever the servos
are running at a constant velocity., This error is proportional to the
reciprocal of the velocity constant (Kv), so a low velocity constant
results in a large error. The large error makes velocity compensation
difficult because of a large sensitivity to component tolerances. Sen-
sitivity to tachometer errors is a particularly undesirable consequence
of a low velocity constant. Because of high drive train backlash, it
would probably be difficult to increase the velocity constants of the
present servos without incurring problems with gear chatter and/or
instability, This means that if the present servo drive systems were
used for the digital servo system, dynamic performance would be limited.
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Unlike the present analog servo system, a digital servo
system has a limitation on how large the servo lag error can be. A rea-
sonable limitation on the size of the digital error register is about 12
bits. This is based on the fact that larger digital-to-analog (D/A)
converters are much more expensive, Assuming a least significant bit
represents 1/10,000 in. the servo error would be limited to +0.2048 in.
For a low velocity constant such as the present 1.7 per second of the
copy carriage, this would severely limit the maximum velocity. (That is,
0.348 in,./sec, for the copy carriage.) This is unacccptable for the
digital system, primarily because of the large time which would be re-
quired for servo slewing during initialization of the carriage positions,
The influence of tachometer errors on dynamic positioning error can be
quite severe if lag errors are large. At a typical servo speed of 0.05
in./sec, the tachometer ripple, which is +3% for the present tachometer,
could cause dynamic positioning errors of up to +0.0008 in.

JETPETR
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o }‘ In addition to the limitations of the present carriage
T { servos mentioned above, there are other reasons for replacing the servo
g ! drive components, From the recent maintenance history of the EORs, it 4
e

appears that replacement of tachometers has been quite frequent. New

servo motors and tachometers which run at lower speeds would reduce such

3 maintenance. The present AC motors are rather small and become quite hot
' during normal operation, suggesting that they may be stressed. Finally,

! because of the obsolete nature of the AC servo motors and other components

it may be difficult in the future to obtain replacements.

Because of the performance limitations and other shortcomings
of the present servo components, they should be replaced with new, higher
performance components. Use of new low speed, high torque DC motors will
allow the carriages to be driven with less gear reduction and consequently
less backlash., This will allow the servos to be adjusted for a higher
velocity constant, resulting in increased speed capability and lower
dynamic errors. The present reduction gearbox, which has a ratio of
625:1, should be replaced with one having a ratio of about 25:1. New
k1 tachometers which can be obtained as an integral part of the new DC servo

¥ motor offer lower ripple (1%) and longer life. Replacement of the AC
Y . servo motors with high torque DC servo motors will require that new servo
- i power amplifiers be used also. Although the platen servo presently has
ﬁ; adequate response, it should also be replaced because of obsolescence, 5
r | the heating problem, the tachometer replacement problem, and to make it i
e |

compatible with the other new servos.

e
o A——— v e

The drum velocity test did not conclusively implicate the |
present drum drive system as the source of striations in the output film.
Replacing the drum drive will not, therefore, eliminate that problem,
There are, however, other reasons for wanting to replace the drum drive.
A major reason for replacing the present fixed speed drive with a servo
drive system is that the print speed could be controlled in an arbitrary !
manner from the computer. This would allow increasing the exposure of
i the film by running the drum at a slower speed. Variable speed could also i
|
|

G

be used to compensate for effects which cause exposure to vary across
the output film, Replacing the present drum drive would, therefore,
improve the capabilities of the EOR system to accommodate slower speed
films and achieve more uniform exposure across the photograph.

Another reason for replacing the drum drive is that the pre-
sent one is mechanically complicated and subject to wear, causing high
maintenance. As the rollers in the present friction drive assembly wear , ¥

PR

N ST Y pﬂw;iﬁf 2 2

=gl

down, the vernier velocity servo must be periodically adjusted to com-
pensate. (ccasionally, various parts of the friction drive assembly must
1 be replaced as they wear out, It is recommended that the present drum
¢ drive assembly be replaced with a direct drive DC torque motor and tacho- ,
meter, with inductosyn position sensing. This will provide arbitrary
4 computer control of the drum speed and will reduce maintenance,
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2,6 OPTICAL COMPONENTS STUDY

The study of optical components of the EQR system had two basic
objectives. These were:

(1) To increase light levels in the system,

(2) To be able to cover a magnification range of 0.6X to 6X
with a single lens,

The first objective is desirable because more light in the system will
allow use of slower, high resolution films. This objective, however,
loses much of its significance if the print drum of the improved EOR
system is servo-controlled. The servo-controlled print drum allows
arbitrary control of print velocity, and exposure time can be increased
by just reducing print velocity. Nevertheless, some study effort was
devoted to achieving this objective with optical component modifications.
This effort included a survey of some larger aperture lenses, an investi-

gation of possible arc lamp improvements, and consideration of condenser
optics redesign.

To meet the second objective, carriage travel distances and lens
focal length were determined for covering the 0.6X to 6X range. Litera-
ture on off-the-shelf lenses was then searched for a suitable lens. In

the paragraphs which follow, results of study work on lenses and light
sources are presented,

2.6.1 Single Lens for 0.6X to 6X Range

During technical discussions with DMAAC personnel early in
the study program, a desire was expressed to be able to cover the mag-
nification range of 0.6X to 6X with a single lens. This possibility was
studied and found to be feasible; however, it requires some modifications
to certain EOR mechanical components. It was determined that a 10-3/4
in. focal length lens which is available could be used if the travel ranges
of the copy and lens carriages could each be extended by about 1 in.

To achieve a magnification of 0.6X with the 10-3/4 in. lens,
the lens carriage must be able to reach 17.2 in. distance from the drum.
The present nominal lower limit of lens carriage travel is 18 in., so
the lower limit must be extended by about 1 in. This can be achieved
by modifying the present lens mounting. The face on which the lens flange
rests could be machined down 1 in. to move the lens 1l in. closer to the
drum at the lower limit of lens carriage travel. A potential problem
which may arise from this is that the lens barrel may protrude into an
area where it would interfere with lens turret motion. With the single

lens covering the entire desired range, however, this may not be objection-
able.
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It was determined that a copy carriage distance of about
88.8 in. was required (assuming a lens nodal distance of 1 in.) to achieve
6X magnification with the 10-3/4 in. focal length lens. Although the
present copy carriage is nominally supposed to cover this distance, it does
not because of a cable mounting bracket. Moving this bracket will allow
approximately 89 in. of distance between the copy carriage and drum. This
will be sufficient to achieve 6X optical magnification.
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Specifications for the 10-3/4 in. lens are shown in Figure
2-8. This lens is presently available from Rolyn Optics, 300 Rolyn Place,
Arcadia, California. At the time of inquiry, they had three in stock.
Since the lens was not tested, it is not clear whether or not the lens
would provide better resolution than the present lenses. To determine
the performance of this lens in the EOR application it should be installed
in the EOR and tested.

Focal Length 10-3/4 in.
Tolerance on Focal Length 1%
Aperture 6.3

Field Angle 70°

Coverage
1:1 18in.x 22in.
Infinity 8-1/4in. x 10-1/2in.

Resolving Power 100 - 150 1p/mm

Coating Hard anti-reflection
coatings on all
glass-to-air surfaces

;
¥
i
'
i
i
™

i

Mounting Black anodized aluminum
barrel with iris diaphram
and mounting flange

Manufacturer Rank/Wray Optical

Figure 2-8 - 10-3/4 Inch Lens Specifications
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2.6.2 Other Replacement Lenses

A survey of presently avallable process lenses was con-
ducted to determine if lenses which are similar to the present ones in
focal length but larger in aperture could be obtained. The present lenses
are Goertz Artar Red Dot process lenses with f/9 aperture. One lens
is 7.85 in. focal length and the other is 14 in. focal length, A list i
of possible replacement lenses which were found appears in Table 2-4. 3
The table shows focal length, aperture size, and magnification range which
could be covered using the present EOR carriage travel limits. These
lenses are also available from Rolyn Optics. Included in the list 1is
the 10-3/4 in. lens which was discussed in Section 2.6.1l. The range
given for this lens assumes modification of the EOR. Performance of these
lenses in the EOR application would have to be determined experimentally.

Table 2-4 {

Possible Replacement Lenses

Focal Length Aperture Magnification Range i
10-3/4 in. 6.3 0.6X to 6X * ;

8 in. 5.6 1.25X to 8.75X
8-3/4 in. 6.3 1.06X to 7.82X '

8-1/2 in. 6.3 1.12X to 8.11X

15 in. 3.5 0.28X to 3.52X

G T e "w@'ﬂ-"""‘m
ey i s

*Requires modification of EOR to cover this range.
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2.6.3 Recalibration .

ﬂgi Because the calibration mechanism will be different for

: i the improved EOR system (software rather than hardware) it will be

&g necessary to recalibrate the system. 1f a new lens is selected, the

L exact focal length and rear nodal distances will have to be determined

y using a lens bench equipped with a nodal slide. After these lens para-
meters are determined, recalibzation can be aeldevel by mzking linear

2 enlargement runs at various magnification points to determine magnification

[

!

errors. These errors can then be related to carriage position erroxrs to
determine necessary corrections. At each of the magnification points,
resolution targets can be copied with various perturbations of the
carriages to determine position corrections for optimum focus. The final
corrections must be determined by striking some balance between geometric
3 fidelity and resolution since the corrections may not be the same for
optimizing both simultaneously. After corrections at the selected magni-
fication points are determined, corrections between tnese points are
determined by linear interpolation.

2.6.4 Light Source and Condenser Optics

R In the study, the possibility of achieving more light output
: from the light source and condenser was investigated. It was also con-

-fﬁv & sidered desirable to investigate light sources which would provide better
%? color reproduction. The following paragraphs discuss results of these
q investigations.
H
2 f The light source presently used in the EOR is a 2 ft mercury ¢
5 arc lamp manufactured by Hanovia Chemical and Mfg. Co. (Model DL-5047-27v).

It is rated at 120 W/in., and the entire unit is rated at 3000 W. Dis- !
cussions with a representative of the manufacturer revealed that a higher

wattage lamp rated at 200 W/in. is available. Use of this higher wattage

lamp in the EOR would require a new lamp power supply. The increased

heat generated by the lamp may also cause heating problems in the lamp

housing and condenser optics. Use of the higher voltage lamp is, therefore,

not recommended.
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Depending upon the spectral sensitivity of the film used,
it may be pussible to increase exposed film density by using a modified |
light source of the same (3 kW) rating. By doping the mercury lamp with
certain metal halides, the positions of certain spikes in the spectrum I
of the mercury vapor lamp can be moved from the region of 200 to 300 nm to
300 to 400 nm. This moves more output power to a part of the spectrum where l
the film is probably more sensitive. A spectral energy distribution plot of
a typical undoped mercury lamp is shown in Figure 2-9. As can be seen in
the plot, the amount of energy in the spikes is quite high.

The use of a xenon lamp toO achieve better color reproduction
is not recommended. From Figure 2-10, which is a spectral energy distri-
bution plot of a Xenon lamp, it can be seen that the lamp output is very
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high in the infrared region. This could cause severe heating problems
and may, in fact, damage the condenser optics. Since the exposure on
the improved system can be controlled by running the print drum slower,
a petter (or at least safer) approach tu improwed color reproduction is
to use compensating filters with the present mercury lamp.

Modification of the condenser optics and/or lamp housing
to achieve more light through the system does not appear to be a reasonable
thing to do. It would be very expensive and would probably not significantly
increase light output, If light was reflected from the unused side of
the lamp back to the sliit, it would have to come to a focus at the plasma.
It is not likely that a significant amount of this reflected light would
get through the plasma. The reflected light could, of course, be imaged
alongside of the lamp plasma, but significant problems exist with this
approach also. \uch problems include need for a redesign of the condenser
optics and a need for good lamp image alignment sv as not Lo create a
shading problem along the length of the slit,
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BRELATIVE ENERGY (IN 0.002 MICRON BAND)

WAVELENGTH IN MICRONS

Figure 2-9 - Spectral Energy Distribution of Mercury Arc Lamp
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Figure 2-10 - Spectral Energy Distribution of Xenon Arc Lamp

2.7 MATHEMATICAL ANALYSIS

As part of the overall EOR system study, several mathematical
analyses were performed to determine the relationships between certain
EOR system characteristics and system performance parameters. To
determine whether or not light through the system could be increased by
increasing slit width, an analysis of the relationship between slit width
and resolution was performed, An analysis of the effects of carriage
position errors on resolution was also performed. This analysis consi-
dered both the present f/9 lenses and the possible replacement £/6.3 lens.
The relationships between carriage and platen positioning accuracy and
geometric errors in the printed output were also investigated.

2.7.1 Effect of S1lit Width on Resolution

The present EOR has a slit width of about 10 um. I1f the width
of this slit could be increased without seriously affect!ng resolution, more
light could be passed through the system, resulting in an increased expo-
sure capability. To determine if a larger slit could be used, a mathema-

2-39




i

L Kl s Bt #
e

e o e

S
BN

K o

e

=

ablish the relationship between slit

Typical limiting values of the appro-

p were then applied, and the resulting
The results of the analysis indi-

tical analysis was performed to est
width and resolution degradation.
priate parameters of the relationshi

effect on resolution was determined.
cate that increasing print slit width can have a rather disasterous effect

on resolution for certain rectification situations. It is, therefore, not
recommended that slit width be increased. The analysis included an

investigation of how EOR performance is affected by the finite slit
width at various sweep angles for panoramic rectification. The paragraphs

which follow present the analysis of resolution degradation due to finite
print slit width.

Because of the finite width of the EOR optical slit, a point

er some period of time. This period is

on the output drum is exposed oV
equal to the time required for the point to traverse the width of the image

of the optical slit on the output drum. In the EOR system, the slit

width is determined at the input, so the width of the slit image on the
output drum varies with optical magnification. In general, the velocity

of the photographic image at the output drum is different from the velocity
of the film on the drum. The photographic image, therefore, can move with
respect to the film during exposure. The amount of relative image motion
or smearing which can occur during exposure depends on the width of the
optical slit and the ratio of the photographic—image-to-film velocity ratio.
The smearing occurs only along the direction of film travel, and if the
velocities are equal (as in the case of simple enlargement), there is no

smearing regardless of how wide the slit is.

some point on the drum is simply the width

Exposure time for
divided by the output film velocity:

of the slit image at the output

W Mu
Vo

T =

AT AT

where:
W is the width of the slit at the input

Mu is the optical magnification

Vo 1is the velocity of the output film on the drum

printed on the film is equal to the diffe-

The smear distance for imagery
output plane and the out=

rence in velocity of the photograph image at the
put film, multiplied by exposure time

v
= L WM L
d (VI Vo) Vo W Mu (Vo - l)

P )
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where:

d is the smear distance

VI is the velocity of the photograph image at the output plane
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The velocity ratio Vi/Vo is equal to the ratio of optical magnification to

velocity magnification (Mv):
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- So the smear distance can be expressed as

k| d =W M o 1)

The effect of uniform image motion during exposure can be

'y expressed as a modulation transfer function (MTF) operating on the input
ﬁﬂ 1 i image. This transfer function affects only the coordinate v which lies
': ' along the principal line of the photograph, and is given by (see Appendix A
: ”{ for derivation)
- it
i
i
. j wod
4 sin T
;i MEE (m d )
0
4 O
iy ) )
Where w, 1s the spatial frequency of imagery at the output plane. Sub- 1;§
stituting the expression for d and using wy = w/Mu to refer spatial fre- %
quency to the input photograph gives n
1 [
k

wW Mu
MTF=Sin[ 2 Mv'l)]

- [ -]

£ From the relationship it can be seen that when Mu = Mv, no
resolution degradation occurs. This is not the case in general for
oblique frame or panoramic photography except at one point along the

. d . Dk » et ——— e T
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principal line of the photo. To illustrate the effects of a finite slit
width on resolution for panoramic rectification, MTF was plotted for
magnification ratios which occur at various sweep angles. These plots are
shown in Figure 2-11. The plots show that resolution is only slightly
affected at 8. = 40 deg. At 6 = 60 deg, the degradation becomes signifi- 1

cant, and at 6 = 80 deg, frequency components above about 70 cycles/mm
are greatly attenuated.
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To show the effects of changing slit width on resolution, MIF
plots were made for 5, 10, and 20 um slit widths. These plots are 3hown in
Figure 2-12. A magnification ratio of 0.111 was used for the plots,
representing a typical worst case for oblique frame and vertical panoramic
geometries. The plots show that increasing the slit from the present 10 um
to 20 um would have a disasterous effect on resolution under this worst-
case condition. Figure 2-13 shows how a panoramic rectification would be
affected at various scan angles if the print slit width were increased to

i 20 um. The degradation is not serious for small sweep angles, but is

rather severe for large sweep angles. Increasing the slit width of the
EOR is, therefore, not recommended. |
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Figure 2-11 - Resolution Degradation Due to 10 uym Print Slit Width for
Panoramic Rectification at Various Scan Angles (8)
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2.7.2 Effects of Carriage Position Errors on Resolution

To obtain best resolution from the EOR system, the copy
carriage and lens carriage should be positioned exactly according to the ]
autofocus relationships. Any positioning errors of the lens and copy e
carriages will misfocus the system and degrade the resolution. The
amount of positioning error which can be tolerated depends on the depth-
of-focus and depth-of-field of the optics. For a blur circle of diameter c

appearing at the output of the system, the depth-of-field and depth-of-
focus relatioaships are

4
So = + cf# (M—%) (depth-of-field)

M
I
R and
-;: . ; 8i = + cf# (M + 1) (depth-of-focus) l
bl B
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] Figure 2-13 - Resolution Degradation Due to 20 um Print S1lit Width for
] | Panoramic Rectification at Various Scan Angles (6)
i where S — 1
¢ is the blur circle at the output
_ f# 1s the number of the lens ¢
o . M is the magnification

1f the criterion for depth-of-field and depth-of-focus is such that the
blur circle c must equal the Airy disk size for the lens, the above
equations are modified by substituting

c = 2.44 AMf# (M + 1)

which is the size of the Airy disk at the output image plane. In this
equation, ) is the wavelength of light. Making the substitution, the i
depth-of-field and depth-cf-focus equations become 4

2

So =+ 2.44 J\(f#)2 -M%l (depth-of-field)
22 2

81 = + 2.44 A(£H” M+ 1) (depth-of-focus)
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only 6X. Tor these caleulations, ' was assumed to be G.4 um.
=
i Table 2-5 - Typical and Worst-Case
é Depth-of-Field and Depth-of-Focus Values
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The worst-case situation occurs at maximum magnification,
where the depth-of-field becomes smallest. Table 2-5 shows values of
6o and 61 for a variety of conditions. the £/9 lens 1s the one presently
used on the EOR. Maximum magnification for the present system is 9X.
The £/6.3 lens is for a new lens which would allow magnification up to

Al

Lens f# Magnification (M) Depth-of-Field (éo0) (Depth-of-Focus (61)

1 + .0124 in. + .0124 in.

9 + .0038 in. + .3112 in.
6.3 1 + .0061 in. + .0061 in.
6.3 6 + .0021 in. +

.0747 in.

The table shows that if a new lens with larger aperture

(smaller f#) is used in the improved EOR, carriage positioning accuracy
requirements will be more stringent. The worst situation occurs at M = 6
for the £/6.3 lens, where the depth-of-field is about + 0.002 in. This

| represents‘the worst—-case tolerance on the object distance. Since the

! object distance is determined by both the lens carriage position and the
copy carriage position, the tolerance on the carriages should be + 0.001 in.
to allow for the worst—case situation.

{

i

! The data in Table 2-5 does not show the comparative reduction
in depth-of-field and depth-of-focus from the £/9 lens to the £/6.3 lens

i in terms of constant resolution degradation. This is because the size
of the Airy disk was used as a criterion, and the size of the Airy disk

| for the £/6.3 lens is smaller than that of the f£/9 lens. If the depth-

E of-field and depth-of-focus for the £/6.3 lens are computed on the basis
of a blur circle having the same size as the Airy disk for the £/9 lens,
the values obtained for 8i and 6o at M = 1 (8i = o) are 0.0087 in. for
the £/6.3 lens compared with 0.0124 in. for the f/9 lens. On this same
basis, at M = 6, the £/9 lens would have a depth-of-field of 0.0042 in.

‘% and the £/6.3 lens would have a depth-of-field of 0.0030 in. for equiva-
L lent resolution degradation. The carriage position tolerance could

therefore be relaxed to + 0.0015 in. if the resolution degradation for
the £/6.3 lens is allowed to be as large as that of the f/9 lens. In this
case, the primary advantage of using the larger aperture lens would be
increased light through the system. Significant resolution improvement
would be obtained only when carriage position errors are small. 5

®
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2.7.3 Geometric Error

The geometric fidelity specification for the EOR requires that
printed output points must be within a circular error of 0.01 in. (250 um)
of their theoretically correct position for optical magnifications up to
9X and scan magnifications up to 12X. Above scan magnifications of 12X,
the error must not exceed 0.04 in. (1 mm). The first part of the specifi-
cation implies carriage positioning accuracies of:

Copy Platen 0.00059 in.

+
Copy Carriage + 0.00162 in.
+

Lens Carriage 0.00162 in.

The second part of the specification (0.04 in. error for scan magnification
above 12X) is not specific enough to determine how accurate the copy platen
must be. Position errors in the scan direction are directly proportional
to scan magnification. Since there is no specific limitation on scan
magnification, the positioning accuracy requirement for the copy platen
could become unreasonably severe.

As indicated by the above values, the copy platen positioning
accuracy is the most important. The required copy platen accuracy is
determined by assuming the 0.0l in. circular error is divided evenly
between the two output coordinates (for the case where scan magnification

does not exceed 12X). The required copy platen tolerance e, is then
determined by:

|€ | 2 0.00707 in.
v scan magnification

For the 12X scan magnification, this requires that |ey| < 0.00059 in.

This is slightly less stringent than the 0.0005 in. specification indicated
in the Fairchild Proposal No. SME-CG-47, 1 February 1965. Since the
oblique frame test extends to a scan magnification of 11X, it is assumed
that the present system can meet this specification. A better test of

this critical scan magnification error would be to run a linear rectifica-
tion at 12X in the scan direction. Because the scan magnification error

is so dominant, it is probably desirable to replace position sensor gears

in the copy platen drive with nonbacklash gears to minimize platen position
errors.

The error tolerance indicated above for the copy platen must
include both static positioning errors and uncompensated dynamic errors.
With the improved servos, the dynamic errors would be less than 0.0002 in.
for velocities normally used in the EOR; leaving a budget of 0.00055 in.
for static errors. The static and dynamic errors of the print drum also
affeet accuracy in the scan direction. Since they appear at the output,
however, their contribution is negligible. '
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The effects of lens carriage and copy carriage position errors
on output position errors are determined by analysis of the basic optical
magnification geometry as illustrated in Figure 2-14. 1In the figure, q
represents the lens carriage position and L represents the copy carriage
position. From the geometry, the output position (X) of a point (x) on
the input photograph is given by

& %=
X X L=q-N

If L and q are treated as the independent variables, taking the total
differential of X gives

dxX = x| L=9-N) dg - <21(dL—dq)
(L-q-N)

which can be reduced to

dX = x [(p+q) dqz- qu}
P

This relationship suggests that the errors subtract, but since dq and/or

dL could be positive or negative, the terms must be added to get the worst-
case error. Noting that q/p is the magnification, and replacing the
differentials by the appropriate ¢ error symbols, the maximum output error
€x is given by

X
€x > [(M+1) eq+MeL]

Optical magnification position error is seen to be dependent on optical
magnification and the distance (x) from the optical axis to the point.
The error is worst for large magnification and large x. In the present
EOR system, maximum M is 9X. At this magnification, the output format

limits x to 2 in. Assuming ¢ and € are equal, the tolerance for carriage
positioning error ¢ is q

le| < _0.00707
%[2M+ 1]

which for the present system (7.85-in. lens) is |e| < 0.00162 in. If the
present lenses are replaced by a single lens with a focal length of 10.75 in.,
the required tolerance would be |e| < 0.00227 in. which is less stringent.
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Figure 2-14 - Optical Magnification GeomelLry

The lens being considered as a replacement, however, is an £/6.3 lens and
carriage position accuracy requirements are determined by depth-of-field
considerations. (See Section 2.7.2.)

As with the copy platen, uncompensated dynamic errors of the
lens and copy carriages would be small (.0002 in.). For the improved
servo systems, the dynamic error which cannot be removed by either velocity
constant matching or velocity compensation is due primarily to the pro-
perties of the tachometer used in the servo system. In the low-speed
servo system being recommended for upgrading the EOR, the largest source
of tachometer error is ripple. The recommended tachometer has exception-
ally low ripple (+ 1%) which results in low velocity signal error. For
the printing speeds at which the EOR normally runs, it is reasonable to
expect that the servo lag can be held to within + 500 um. The servo
system, under this condition, would be running at a speed such that the
tachometer output would be a voltage equivalent to approximately the 500 um
position lag. Any variation in tachometer output voltage would cause an
equivalent error in apparent position lag. The + 1% ripple of the tachometer
would, therefore, manifest itself in a + 5 um error in position lag. Since
the computer under this condition would only compensate for the 500 um lag,
the + 5 um would remain as an error in the carriage position during high
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speed carriage operation. As the speed of the servo is reduced, this ‘
uncompensated dynamic error is also reduced, with a lower limit of zero
error velocity.
Geometric error in the printed output will also be affected
by the geometric fidelity of the lens. It is assumed that the lens
error is small compared with other errors.
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SECTION 3

CONCLUSIONS AND RECOMMENDATIONS i

This section presents conclusions and recommendations resulting from
the various EOR study efforts. The general recommendation iz for a disk-
based computer control system which performs all the necessary EOR functions,
resulting in an EOR system which is completely independent from other
systems. The recommended digital servo logic and interface hardware are
based on using printed circuit cards which have been developed by Bendix
Research Laboratories. Preliminary design details of the recommended EOR
system are presented in Appendix C. The following subsections summarize
conclusions and recommendations from Section 2.

3.1 CONTROL SYSTEM

Because of its greater flexibility and independence of operation,
the independent controller approach is preferred over the tape-driven
controller. Savings in hardware cost and savings in initial programming )
custs for the tape-driven system are fairly small compared with total ‘
system cost. Hardware cost d-.fferences between the two systems are not
great because the computer peripherals comprise a major portion of the
cost. Since the peripherals are about the same cost in the two systems,
the savings which result from using a smaller control computer in the tape-

-
driven system are small compared with overall costs. Software cost dif- 1
ferences are small because the additional programs required for the inde- ‘€1
pendent controller system are FORTRAN level programs, which makes them ’

easier to develop than assembly language programs. Part of the cost of ik

the FORTRAN rectification programs required by the independent controller
system is in fact partially offset by the need to develop 2 special
magnetic tape reading program for the tape-driven system. This is due

to the inevitable incompatability of tape formats between the 1108 and
control computer magnetic tape handler system programs.

It is recommended that a disk-based operating system be used
rather than a core resident system. The file manipulation capabilities
of such systems make programming easier and allow program segments to
be overlayed conveniently. Ease of programming reduces costs for both
initial programs and subsequent modifications to handle new rectification
geometries. Overlaying reduces the amount of core memory required
initially and permits easy expansion of program size, which might other-
wise be limited by the size of the core memory.

e e ———

Although the basic disk operated system does not require paper tape
or magnetic tape peripherals for operation, some means of backing up the |
disk is desirable. If another compatible computer system having a
magnetic tape unit and a disk unit is available, it can be used to
regenerate the program on the disk from magnetic tape. If not, it is
recommended that at least one of the EOR systems have a magnetic tape

3-1
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unit. DECtape units (unique to DEC) are somewhat less expensive than
9 track industry standard tape units, but the DECtape is not compatible
with other systems and it would take about 5 reels of tape to store the
1.2 M word disk.

Of the three computers studied (DEC PDP 11/35, Modcomp II 25, and
Nova 2/10), it is recommended that the DEC PDP 11/35 be selected. It 1is
a very flexible system with well supported software and readily available
maintenance. Because the 11/35 can be connected directly to the Bendix
servo and parallel I/0 hardware, it is also the least expensive computer
to interface. A good choice of operating system for the PDP 11/35 is the
DOS/BATCH operating system. If a foreground/background capability is
desired, the DEC RT-11 system can be used lastead.

Benchmark rectification program runs on the PDP 11/35 were executed
between 3 and 4 times faster when floating-point instructions were used.
The difference is critical because the faster execution times allow simpler
programming techniques to be used. It is therefore recommended that the
floating-point instruction set option be obtained if the 11/35 is to be
used. For the PDP 11/35, the cost of this option is rather modest.

While checking out.the benchmark test program, a problem was
discovered in the rectification math model given in the EOR users manual.
It is, therefore, recommended that the math model be reviewed when programs
for the improved EOR system are coded.

Use of one control computer to operate two EOR units is net recommended.
Such a system would have lower reliability since the two systems would be
dependent on a single controller. Maintenance of one EOR while the other
one is in production would also be cumbersome with the dual system. Pro-
grams for a dual system would be more complex and would, therefore, cost
more to develop. The dual system may also require a faster computer.

3.2 SERVO SYSTEMS

Equipping the EOR carriage and platen drives with digital servo
systems requires the replacement of most of the present servo hardware.
Replacing the present position-sensing potentiometers with 10,000 counts-
per-revolution incremental optical encoders will provide a servo resolution
of about 2.5 uym. This is more resolution than is actually required for

the EOR but costs no more to attain than the 5 um resolution considered
to be sufficient.

To use presently available servo logic and to achieve good dynamic
performance, the response of the EOR carriage and platen servos must be
improved. The recommended approach is to use less gear reduction in the
copy and lens carriage drive systems and thereby reduce servo drive backlash.,
The servo drive backlash limits the extent to which forward path gain can
be increased to improve servo response. The increased servo response will
result in smaller dynamic servo lag errors. This will reduce the uncom-
pensated dynamic error and allow higher slewing velocity without overflowing
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the digital servo error register. The present AC servo motors should be

replaced with new DC torque motor/tachometer assemblies. The new motor/

tachometer units will provide longer life (because they run slower) and

lower dynamic error due to tachometer ripple. The new motor will also

supply the necessary torque to drive the carriages with reduced gearing. 4
Although it 1s not absolutely essential, the platen motor should also be i
replaced for improved dynamic error performance 4nd compatability with 1
the new carriage motors. Replacement of the servo motors will require

replacement of the servo amplifiers and power supply.

The digital servo logic should employ rate metering or some other
form ot interpolation to provide smooth servo operation. Dewvelopment
cost for the digital servo logic and servo amplifier electronics can be
minimized by using presently available printed circuit card designs.
The digital servo designs developed by Bendix Research Laboratories for
servo control of photogrammetric instruments can be eazily adapted for use
in the EOR system. Since this servo logic was designed to work with DEC
PDP-11 equipment, servo interface design effort would be mindmized by
using the PDP 11/35 for the control computer. The additional cost of
interfacing with other alternative computers, however, would be small.

The test to determine whether or not the present drum drive system
is causing vertical striations in the output film was inconclusive. It is,
therefore, not known whether replacing the drum drive will reduce these
striations. There are, however, other reasons for replacing the drum |
drive. If the present fixed speed drum drive is replaced with a servo i
drive system, exposure can be controlled arbitrarily by controlling drum
velocity from the computer. This will allow longer exposure times for use
with slow speed, high resolution films. The servo drive system would also
be less subject to mechanical wear than the present friction drive system.

}
b

. !Fi"A

The necessary precision for a servo drum drive system can be obtained
asing an inductosyn type position sensor in conjunction with carrier misltd- {
plication electronics. With this equipment a resolution of about 2.5 um
can readily be achieved. A servo design of this type which was developed i’
I
g

e

for the RPIE printer (see Appendix C.5) can be adapted to the EOR.

3.3 OPTICS

With some modifications to the lens turret and copy carriage cable
routing it will be possible to cover a magnification range of 0.6X to 6X. It
will require a 10-3/4 in. focal length lens. A copy lens with this focal
length and an aperture of f£/6.3 is available from Rolyn Optics of Arcadia, -
California. The lens is .nanufactured by Rank/Wray and has a resolution of
100 to 150 1p/mm. Modifications to the lens turret and copy carriage
cable routing are necessary to extend the travel range of these carriages
by about 1 in.
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Other off-the-shelf copy lenses with larger apertures than the present
£/9 are available. Apertures of these lenses range from £/3.5 to £/6.3.
Magnification ranges of these lenses do not exactly coincide with those of

the present lenses, however, because the focal lengths are not exactly the
same.

If new lenses are to be used in the improved EOR system, it will be
necessary to determine their exact focal lengths and rear nodal distances.
This will require access to a lens bench with a nodal slide. Since the
calibration of the carriage positions for best focus and magnification
accuracy will be done in the computer of the improved EOR system, a recali-
bration of the lens and copy carriages will be required. This will involve
the determination of lens and copy carriage corrections required to produce
correct magnification and focus (or a compronise between them) at several
magnification points in the range of each lens. Performance of the new
lenses would have to be determined experimentally.

A higher power mercury lamp is available which would increase light
source power from 120 W/in. to 200 W/in. The higher power lamp would
require a new power supply and would produce more heat in the lamp housing
and condenser optics. Because of the higher power requirement and poten-
tial problems which could arise from the increased heat, it is not recom-
mended that the higher power lamp be used. It is also not recommended
that a xenon lamp be used. The xenon lamp produces considerable infrared
radiation which could also damage the condenser optics. With servo control
of the drum, improved color reproduction can be attained using filters
with the present lamp and longer exposure times (slower drum velocity).

3.4 PERFORMANCE

Performance improvements in the EOR system are expected to be primarily
limited to the areas ol reliability and maintainability. Replacing the
analog servo systems with digital servo systems will increase reliability
and eliminate the present analog interface circuitry which is sensitive
and requires periodic adjustment. The new servo components will also
provide longer life because they run at lower speed. Replacing the present
tape reader and decoder electronics with a digital control computer will
eliminate problems arising from paper tape errors and imperfections. The
independent controller system approach will provide a great reduction in
job turn-around time since the 1108 and 1401 are eliminated from the loop.

The basic mechanical components which primarily determine geometric
accuracy and also effect resolution would not be changed in the improved
system. It is, therefore, expected that there will be no increase in
geometric fidelity or resolution. It is possible that the new lens will
improve resolution, but no tests were made to determine this. Resolution
attainable with new lenses in the EOR should be determined by testing
them in the EOR system. Typical production resolution obtained with the
present lenses is well below what they are capable of achieving under
ideal conditions. Unless the new lens has some property such as flatter
field, which would allow better resolution over a wider field, significant

3-4




improvements in resolution are not anticipated. The new lens, if used at
full aperture, will have a smaller depth of field and resolution will,
therefore, be more sensitive to lens and copy carriage position errors.
Analysis shows that slit width can have a significant effect on resolution
when there is a large difference between cptical and ecan magnification.
These factors limit what can be obtained with the EOR optical and mechan-
ical hardware.

The improved EOR servos will have better dynamic response than the
present servos. It is expected that a velocity constant of 10 per second
or greater can be achieved with the reduced servo backlash. This alone
will reduce uncompensated dynamic servo errors. In addition, the improved
tachometers will further reduce this error. Servo resolution will be
increased from 4096 counts per inch to 10,000 counts per inch. In the
improved system, each count will produce 2.54 um of carriage or platen
travel.

In the present EOR, servo commands are calculated for each 0.01 in.
or 250 um increment of output drum travel. In the improved EOR system
(independent controller approach) rectification calculations can be per-
formed with closer spacing. For example, with the present drum velocity of
about 1.25 mm/sec, carriage and platen positions can be calculated at 12.5 um
spacing. For the present relatively slow print velocity, this is not a
particularly significant advantage, but could be important if it ever becomes
desirable to increase printing speed.
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APPENDIX A

IMAGE MOTION SMEAR TRANSFER FUNCTION

If an image function f(u,v) is moved a distance d during exposure of
the recording film, the image recorded on the film will be smeared in the
direction of motion. For this derivation, it is assumed that the image
moves at a constant rate and in a straight line during exposure. For con-
venience, it is also assumed that the motion is along the v axis. The image
function g(u,v) which would be recorded on the output film (normalized for
smear distance) can be expressed by

Njes

g(u,v) = =| F(u, v-s)ds
=

2

where d is the smear distance and s is a parameter which moves the image
along the smear line. Taking the Fourier transform and reversing the order
of integration gives the frequency domain output function G(o,w):

4
2
1 =
G(o,w) = F(o,w)‘g e 198 gg
-d
2
Carrying out the integration gives
jwd -jwd
G(o,w) = F(o,w) —2 & 2 - e 2
i W) wd 23
which can be expressed in the form
wd
sin ( 2

G(o,w) = F(o,w) "—(Tn_'-a-""‘
2
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Now if a modulation transfer function (MTF) is defined as the ratio of the
output frequency function divided by the input frequency function, this MTF k
is given by: | 8

sin (251) . ?
R i (9_4)2 ;
2

This MTF describes how spatial frequency components of an arbitrary input
i image function are affected by uniform linear image motion during exposure.
: The degradation occurs only in the direction of image motion (v) since
§ the MTF is independent of the o (corresponding to u in the spatial domain).
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RENCH2 s KE S RENCH2 /0N
FORTRAN V06.13 01:04314 O8-QCT-7% FAGE

G BENCHMARK 2-~REFETITIVE FRAME CAL.CULATIONS
(W WITH RIGUK PRIMAKILY LESS THAN OR EQUAL TO O
¢ INET AL VALUES - -
000 | TINYUVO= 1
QO ]
0G03
D004
D00% Find o
2004 R=3439
o7 LEL TAV=, 0005
o008 FR=13.97643779
T A RN, 0284202
i INITTAL CALCULATIONS--
G010 T=T/%7.,29578
0C11 SINT=GINCT)
oo1L2 COST=C0S8CT)
0no13 TANT=SINT/COST
0014 GF=GKF
2015 ALEHA=THATAN2 (TINYYOF)
GOl GINTH=GINCALFHA Y K (RAH) /R
0017 THETA=ATAN? (ARG (STNTH) y SQRT (L, ~HINTHIKD) )
0018 s (RK /H
0019 GETa=THE TA~ALFPHA- (HELTAV/ (2 kR))
0020 SINCRETA?
0021 WRITE (& 1000) BIGUK
0023 FORMAT( VO= " »F?.1/)
0023 GE=RIGUK/ (S TN CALIFHA)Y Z€086 CALFHAY)
0024 FALISE
» TTERATIVE CALCULATIONSG -~
Q02% w40 I=1»10000
Q026 HETA=RETA~DELTAV/R
027 RLGUK=RBIGUK~COS CRETA) KDELTAY
0028 GF=GF~SIN(BETA) XDELTAY
0029 IF (BIGYR) 2020510
0030 \ TINYUKHF*(BIGUK“QF*TANT)/(SFPBIGUK*TANT)
N031 G TO 30
0032 20 ANGLE=T+ARS (ATAN2 (RIGUR» SF) )
0033 TINYVK= (-5 TN CANGLE ) /C0S (ANGLE) ) XF
0034 30 FeM=5F / CFRCOST-TINYURKKSINT)
0035 WK=K (RM+L )
0034 LK=RKK (Lol o /RM) RN
OG37 40 CONTENUE
0038 FASE
0039 WRITE(AH»1010) BIGVK
0040 1010 FORMAT(? VF='yFa.,1/)
0041 END

RUDTINES CALLED?
SIN y COS v ATAN2 » ARS vy SQRT

OFTIONS =/0Ny/0FP1
RLOCK LENGTH
MAIN. 598 (002254 %

FORTRAN V06,13 01:04:14 08-0CT~7% FAGE

*ACOMFILER ~w==-= COREXX
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RENCHL y KE S HENCH1 /0N
FORTRAN V06.13 001253125 O%-NEC-73 FAGE 1

C . BENCHMARK 1 --REFETITIVE FRAME CALCULATIONSG
C INITIAL VALOES-
0001 TINYVO=1 .37
G002 S=1.
0003 T=43,
0004 H=100.
000% Frebdo
D006 R=3439
0007 DEL TAV=, 0000
0008 FR=13.,9763779
0009 RN=, 0984252
(W INITIAL CALCULATIONS~-
0ol10 T=T/57.29%78
0011 GINT=SINCT)
0012 COsT=0C08(CT)
0013 TANT=SINT/COSY
0014 GF=9%F
2015 ALFHA=THATAN? (TINYVOsF)
0016 GINTH=S TN (AL FHAY K (R+H) /R
0017 THETﬁmﬁTANR(ﬁHS(ﬁINTH)yﬁQNT(l.NBINTH**B))
0010 Rz (RXSF ) /H
0019 BETA=THETA~ALFHA~ (IELTAYA (2. ¥R))
0020 BIGUK=RXGIN(BETA)
0621 WRITE (45 1000) BHIGUR
0022 1000 FORMAT (7 VO="yF4.1/)
0023 SF*HIGUK/(SIN(ALPHQ)/UOS(QLPHQ)ﬁ
0024 FAUSE
C ITERATIVE CALCULATIONG -~
0025 0o 40 I=1,10000
0026 BETA=BETA-DEL TAV/R
0027 HIGUK=RIGUK~COS (HE TA)Y¥DELTAV
0028 GF=8F -SINC(BETA)XDELTAY
0029 IF (RIGVUK) 20920»30 ° =
0030 10 TINYUN=F*(BIGUN“SF*TANT)/(SF+HIGUN*TGNT)
0031 GO TO 30
0032 20 ANGLE=TH+AES (ATANI (BIGYKy GF) )
0033 TINYVK:= (~GIN (ANGLE) Z7C0% (ANGLE) Y¥F
0034 30 RM=GF /7 (FXCOST- TINYUKXGTINT)
0035 BR=FK¥CRMEL )
C0364 LK=RKKCL 41 ZRM)HRN
0037 40 CONTINUE
00306 FAUSE
0039 WRITE(4y1010) BIGUK '
0040 1010 FORMAT (! UF= yFa.1/)
0041 END

ROUTINES CALLED?
SIN y COS y ATANZ » ABS y SQRT

OFTIONS =/0Ny/0F31L

RLOCK LENGTH
MAIN. 4600 (002260 X

FORTRAN V06,13 00325225 O5~DEC-7% FAGE. i

FHCOMETLER —-=-~ COREXX¥
FHASE USED  FREE

B-3
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DECLARATIVES 00622 10186
EXECUTARLES 01023 09785
ASSEMELY 01323 1412%

+°C
+KI

$R1) LINK
LINK VO1-04
$RENCH1 < BENCHL s FTNLIR/L/E

SPACE USED 012264y HFACE FREE 057346
$+°C

oRI

$F1I RENCH1

Vo= 9.9

A0OY 000000
$CO

AQ0YH 000000
$C0

VF= 4,9

$

FHASE USED FREE
DECLARATIVES 00622 10186
EXECUTABLES 01023 09783
ASSEMBLY 01319 14129

$°C
K1

$RU LINK
LINK V0O1-04
#BENCH2 “BRENCHZ s F TNLIB/L/E

SEQCE USED 012264y SFACE FREE 077346
%

$RU BENCH2

V= 0.1

A00Y 000000
$CO

ANO0S 000000
$CO

B~-4
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it FORTRAN V06,13 00:58830 GO-0CT~7%  FAGE 1
ﬁi T BENCHMARK 3+ ~REFETITIVE FRAME CALCULATIONS e
SN " I} SEE WHY INITIAL CALCULATIONS HLOWUF WHEN e
SRS g’ Lo TINYVO 16 LESS THAN OR EQUAL TO 0 3
By L C INTTIAL VALUES-- 4
i o 0001 TINYVOs=-1, i
ey ) 0002 Gzl ]
SR 0003 =0 s g
i 0004 b
o D00% L
o 0006 &
. 0007 UELTAV=, 0005
% 0004 FK=13,9763779
o 0009 RN=, 0984252
+ I ¢ INITIAL CALCULATIONS-- :
. 0010 T=T/57.29578
. 0011 GINT=GINCT)
B . 0012 COST=COST)
K| 0013 TANT=SINT/CDST
] 0014 SF=GXF
ﬁﬁ % 001% ALFHA=T+ATAN2(TINYVOsF)
by 0016 ANGLE=ALFHAXS7 , 29578
g 0017 WRITE(691020) ANGLE
b 0018 1020  FDRMAT (¢ ALFHA=’9F9.4)
¢ 0019 SINTH=STNC(ALFHA) X(R+H) /R
T 0020 THETA=ATAN2 (ABS (SINTH) » SRRT (1. ~SINTHXX2))
iy 0021 ANGLE = THETAXS7 . 29578
“' 0022 WRITE (651030) ANGLE
a ! 0023 1030  FORMAT(’ THETA='sF?.4)
& 2 0024 Fe= (RXSF ) /H
f}« - - 0025 HETA=THE TA-ALFHA- (DELTAV/ (2. XR)) i
4 3 0026 ANGLE=RETAXS7, 29578 ]
) 0027 WRITE (691040) ANGLE b
o 0028 1040  FORMAT(’ BETA='»F9.4) g
4 X 0029 BIGUK=RXSIN(BETA) '
£ D030 WRITE(691000) BIGUK
b 0031 L1000  FORMAT(’ V0=’ »F9.,1/)
3 0032 SE=RIGVUK/ (SIN(ALFHA) /COS (ALFHA)) /
27 0033 FAUSE
© R C TTERATIVE CALCULATIONS -~
oL § 0034 [0 40 I=1910000 -
4y | 0035 BETA=RETA-DELTAV/R ;
=R 0036 BIGVK=EIGVK~COS (RETA) XDELTAV £
;% 0037 SF=GF ~SIN(RETA)XDELTAV
_ , 0038 IF (RIGVK) 20520910 ;
|§ 0039 10 TINYVK=FX(BIGUK-SFXTANT)/(SF+BRIGVKKTANT) t
i 3} 0040 GO T 30
- - 0041 20 ANGLE=T+ARS(ATAN2(BIGVKSF)) I
; g 0042 TINYVK= (~SIN(ANGLE) /COS (ANGLE) ) XF i
LA 0043 30  RM=5F/ (FXCOST-TINYVKXSINT)
& 0044 EK=FRKK(RM+1 )
; 0045 LK=EKX(1.+1,/RM)+RN
3 0046 40  PONTINUE
| 0047 FALISE
5 0048 WRITE(4691010) BIGVK
004% 1010 FDRMAT(’ VF='yF4,1/)
. FORTRAN V06,13 00:58230 08-DCT-75  PAGE 2 ,
0050 END -
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ROUTINES CALLEDS
SIN v COS r ATAN2 » ARY

OFTIONS =/0N,/0F21

BLOCK LENGTH
MAIN, 702 (002574) %

HRCOMP ILER —=—-— COREXX
FHASE USER  FREE
DECLAKATIVES 00622 10186
EXECUTARLES 01023 09785
ASHEMELY 01343 14085

L 2
$kU LINK

I.INK VO1-04
#HENCHICBENCHIyFTNLIB/L/E

SFACE USED 0122464y SFACE FREE 057346
$°C
N1

$KU BENCH3

ALFHA= ~9.4623
THE T A= ?+4651
HETA= 18,9274

Vo= 6673.1

A00E 000000
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HENCHA»KE$ <BENCH4 /0N
FORTRAN V06.13 0214441 08-0CT-7%  FAGE 1
!
C BENCHMARK 4--REFETITIVE FRAME CALCULATIONS
C GYMMETRIC TO RENCHMARK 2 i
C INITIAL VALUES--
0001 TINYVO=4.9
7 0002 Gl o
K BN 0003 =0, '
iE 0004 H=1,0
T 0006 R=3439, I
T 0007 * DELTAV=,0005 .
HH b 0008 FRK=13,9743779
el % 0009 RN=,0984252
A C INITIAL CALCULATIONS--
g 0010 T=T/%57429578
& 0011 SINT=SIN(T)
i ] 0012 COST=COS(T)
£ 0013 TANT=SINT/COST
s T 0014 SF=GkF
| i F 0015 ALFHA=T+ATAN2 (TINYVOrF)
.%ﬁ % 00164 SINTH=SIN(ALFHA) X (R+H) /R
i$ bt 0017 THETA=ATAN2 (ARG (SINTH) ySART (1. ~SINTHX¥2))
o 3 0018 R=(R¥SF) /H
1 g 0019 RETA=THE TA-ALFHA~ (DELTAV/ (2 kR )
C 0020 BIGUK=R¥SIN(EETA)
. 8 0021 WRITE (651000) BIGVUK
' B 0022 1000  FORMAT(’ wO=’'yF9.1/)
8 0023 SF=RIGVK/ (SINC(ALFHA) /COS(ALFHAY)
o+ (. 0024 FAUSE -
iy C ITERAT IVE CALCULATTONS--
0025 00 40 I=1+10000
0026 RETA=RETA-DELTAV/R -
0027 RIGVK=RIGUK-~COS (BETA)XDELTAY iy
0028 SE=6F -GS IN(BETA)XKDELTAY
0029 IF (RIGVK) 20520510
0030 10 TINYUK=FX(BIGUK-SFRTANT)/ (SFHRIGURXTANT)
0031 GO TO 30
0032 20  ANGLE=T+ARS (ATAN2(BIGVYRySF)) 3
0033 TINYVK=(-SIN(ANGLE) /COS (ANGLE) ) XF I
0034 20 RM=SF/(FXCOST-TINYVKXSINT) 3
0035 BK=FKK(RM+1.) P
0036 LK=BKX (1.+1.,/RM) RN o
0037 40  CONTINUE ‘g
0038 FAUSE ;
0039 WRITE(651010) HBIGYK :
0040 1010 FORMAT(’ VF=’yF4.1/)
0041 END
ROUTINES CALLED?S
SIN v COS y ATAN2 v ABS v SORT
OFTIONS =/0Ny/0F 31
BL.OCK LENGTH
MAIN, 598 (002254)%
FORTRAN V04.13 02344141 08-0CT-75  FAGE 2
KKCOMFILER ~=--—- COREXX
i
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RENCHS ¢ KE $ < BENCHS /0N s
FORTRAN V06,13 00:02:22 09~LEC~7%  FAGE 1
C BENCHMARK 5--REFETITIVE FRAME CALCULATIONS
I HOLE OF BENCHMARK 2 AND HALF OF HENCHMARK 4
C INITIAL VALUES--
0001 TINYVO:=245
0002 Gl
0003
0004
000%
D004
0007
0004
0009 RN=, 09B4252
C INITIAL CALCULATIONS--
0010 T=T/57,29%70
0011 SINT=GINCT)
0012 COST=COS(T)
0013 TANT=GINT/COST
0014 GF =GKF
001% ALFHA=T4HATANZ (TINYVO/F)
o 0olé SINTH=GIN(ALFHA) X (R+H) /R
2 0017 THETA=ATANZ (ARG (SINTH) rSQRT (1, ~SINTH¥*2))
o 0018 R= (RXSF) /H
3 0019 BETA=THE TA-ALIFHA= CDELTAV/ (20 kR))
- 0020 BIGUK=RASIN(RETA)
. 0021 WRITE (6r1000) BIGUK
oy . i 0022 1000  FORMAT(’ V0=’ yF7?,1/)
- 3§ 002, GF=RIGUK/ (SIN(ALFHA) /COS (ALFHA))
. V024 FAUSE
' b C ITERATIVE CALCULATIONS--
e - 0025 no 40 I=1510000
i} 0026 BETA=HRETA-DEL. TAV/R
e | 0027 BIGUN=BIGVUK-COS (RETAY¥DELTAY
} ! 0028 GF=SF -G INCEETA) XDELTAY
48 0029 IF (BIGUK) 20920010
3 0030 10 TINYVK=FX(RIGUK-SFXTANT)/ (SF+BIGUK¥TANT)
- 0031 GO TO 30
i 0032 20 ANGLE=T+ABS (ATAN2(RIGVKySF))
e, 0033 TINYVK= (-G TN CANGLE) /COS (ANGLE ) ) %F
- Y | 0034 30 RM=SF/(FXCOST-TINYUKXSINT)
- MR 003% HR=F KK CRM4 L4 )
by B 0036 LK=EBKK(1,+1 o /RM) +RN
o E 0037 40  CONTINUE
ol 4 0038 FAUSE
%4 0039 WRITE(6s1010) BIGUK
a : 0040 1010 FORMAT(’ VF=‘yF4,1/)
d ) 0041 END
o
e i ROUTINES CALLED?
R GIN v COS v ATAN2 » ABS v SQRT
o
&) 3 OFTIONS =/0N»/0F 1
By, O BLOCK LENGTH
SR MAIN, 598 (002254) %
T FORTRAN V06413 00302822 09-DEC-75  FAGE 2
¥XCOMFILER ~~-=-- COREXX
FHASE USED FREE
% B-9
3
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APPLNDIX C

IMPROVED EOR SYSTEM

This appendix presents a description of the improved EOR system which
was recommended as a result of the study. This system is an implementation
of the independent controller concept discussed in Section 2.1. Unlike
the present EOR system which relies on the 1108 for rectification computa-
tions and the 1401 for tape conversion, the improved system operates
completely independently. The control computer of the improved system
generates model motion, computes the rectification relationships, and
controls servo motion in real time.

The system description presented in this appendix concentrates on
those components which have been defined as a result of this study. There-
fore, in addition to the descriptions of the overall system and operating
procedures, detailed descriptions of computer programs, the interface, and
servo systems are presented.

C.1  SYSTEM DESCRIPTION

A diagram of the improved EOR system is shown in Figure C-1l. The
major components of the system are the present optical-mechanical sub-
system (with improved servos) and the control computer. The optical-

mechanical subsystem includes the copy carriage, lens carriage, copy

platen, print drum, lamp housing, condenser optics, and miscellaneous

power supplies housed in the large cabinet of the present EOR system.

These components are functionally unchanged in the improved system; however,
new servos to drive the carriages and drum have been added.

Although a DEC PDP 11/35 computer is recommended, no specific com-
puter is indicated in the diagram since any of the three computers consi-
dered in Section 2.2 could be used. Standard peripherals attached to
the computer include a 1.2 M word cartridge disk system, a CRT terminal,
and a TTY terminal. All the programs for the improved EOR system are
stored on a removable cartridge disk. During system startup, the computer
system operating programs are loaded into the computer. The operating
programs then load the various EOR programs from the disk as needed during
operation of the EOR system. The disk is also used for storing data
generated during certain modes of system operation.
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The CRT terminal is the primary interface device between the EOR
system and the operator. It consists of a CRT display system and a key-
board. Through the keyboard, the operator enters data and commands to
the EOR programs. The programs display certain variables in real time
and convey messages to the operator through the CRT display. To facilitate
the real time display functionm, the terminal is equipped with an addressable
cursor feature. This allows the cursor to be moved rapidly back and forth
between the real time display area of the screen and the message area.
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The TTY terminal is used primarily for hard copy output of data such
as rectifiecation parameters or calibration data. I

A parallel digital I/0 interface conveys information in digital
form between the computer and various components of the EOR system,
This interface consists of a combination of parallel digital I1/0 equip-
ment available irom the computer manufacturer and equipment available
from and/or developed by Bendix Research Laboratories. Data is trans-
mitted through this interface as 16-bit words transferred in parallel between
the computer and one of several 16-bit channels. Five of these channels are
output channels and two are input channels. The interface equipment is
described in more detail in Appendix C.4

L

Four of the output channels are used to convey digital servo output
increments from the computer to the servo electronics. Servo increments
are transmitted as 12-bit parallel words from the interface to the servo
logic. The servo electronics for each servo system converts differences
between commanded and actual incremental servo positions to voltages which
drive the servo motors. Servo feedback to the servo electronics includes
both digital position feedback and tachometer feedback. The servo systems |
for the EOR carriages and print drum are described in Appendix C.5. i

3
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_ Other digital information passed between the EOR hardware and the

§9 o computer consists of certain binary commands from the computer and binary

- inputs to the computer. binary commands frow the computer include the
shutter control and certain indicator lamps. Binary inputs to the computer

. from the EOR unit include signals from limit switches on the carriages |
and drum, zero pulse signals from the carriage quantizers, the lens selection
indicator switch signal, and a shutter status signal.
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To provide certain operator interaciion functions which would be
difficult to implement with the CRT terminal, the improved EOR system 1is
equipped with a control panel, This panel contains switches to start and
stop rectification and to cause the program to be interrupted.

It ccutains lamps to display certain conditions such as whether or
not a rectification run is in progress, an error has occurred, the shutter
is open, a lamp failure has occurred, or a fan failure has occurred. The
patel also contains an incremental input control for entering data into
the computer at a variable rate. This control is normally used for manually
positioning the servos during setup or maintenance procedures. |

In addition to the main control panel, there are two auxiliary control
panels on which certain functions of the main control panel are duplicated.
One auxiliary panel is the X and Y Copy Platen Control Panel of the present
‘ EOR system. On this panel, the normal X axis adjustment potentiometer is
B replaced with an incremental input control. This allows control of the copy
LV platen servo through the computer programs during setup. The other auxiliary

: e panel is a service panel containing an incremental input control and several

gok Ty
u_*

. A switches. This panel is on a portable control box which can be hand-carried ]
& 5 by the serviceman. This control box facilitates the carriage calibrafion
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maintenance function by allowing the operator to wanually position the
carriages and platen while observing mechanical readings on the Ames gauge
The switches permit communication with the calibration programs to facili-
tate etepping through the ealibration procedurs withour tiaving to return
to the main control panel.

System operating modes of the improved EOR system include the recti-
fication mode, the calibration mode, and the diagnostic mode. These operat-
ing modes are determined by the computer programs. The rectification mode
is the basic operating mode of the system. This mode implements the
necessary system control functions for setting up the system in preparation
for printing, and actual printing. Rectification parameters can be entered
using the CRT terminal, and the platen and other servos can be positioned
manually to facilitate aligning the photograph on the platen. In the
rectification mode, START and STOP pushbuttons on the control panel control
the starting and stopping of the rectification printing process. A trial
rectification submode can be made available which allows the entire
rectification run to be computed at a speed greater than normal real time
speed, with control outputs disconnected. Rectification calculations can
then be checked before actual printing to determine if any calculations
exceed the limits of the rectifier hardware.

The calibration mode is provided to facilitate the calibration of the
platen, lems carriage, and copy carrisge. 1TIn this mode, control panel
pushbutton functions are changed, allowing the operator to step from one
calibration point to the next and store measured corrections. Corrections
are measured by moving the carriage or platen with the incremental input
until the mechanical position indicator reads correctly at the commanded
position. The correction is then stored by depressing one of the panel
pushbuttons.

The diagnostic mode provides a means of checking the parallel digital
1/0 interface and the servos. In this mode the servos can be operated
manually to test them for proper operation. Parallel binary outputs
can be checked by setting bit patterns in the computer console switches
and observing outputs on an oscilloscope. Parallel binary inputs can be
checked by applying signals from external sensors (such as limit switches)
and observing the resulting bit patterns which are displayed on the CRT
terminal, The diagnostie mode does not test the cumputer and standard
peripherals. Programs for testing these components are supplied by the
computer manufaccturer and are delivered with the system.

During rectification printing, the LOR system is automatically con-
trolled by the computer acting on instructions of the rectification mode
programs. The rectification mode programs compute the proper drum, platen,
copy carriage, and lens carriage positions so that imagery from the input
photo is printed on the output film in a manner which achieveés the desired
rectification. (For EOR theory of operation see lavine, S.W., "A Slit-
Scan Electro-Optical Rectifier", Photogrammetric kngineering, December 1961.)
The rectification mode programs which determine this process allow several
alternate rectification geometries to be used. The basic alternatives

C=4
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include oblique frame, panoramic, and linear rectification, but provision
is made in the programs to expand the list of alternatives.

i
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in Figure C-2. After the rectification calculations and servo positions
" have been initialized, the iterative rectification caleculations are
5 driven by a velocity signal AV which is generated by the programs.

The velocity signal is integrated and scaled to obtain print drum position.
| The velocity signal is also applied to the earth curvature correction cal-
culation to obtain model space coordinates Sf and Vk. The rectification
geometry transformation operates on Sf and Vk to produce platen position
| vk and optical magnification M. Platen position vk is corrected for
¢ position errors with a calibration data table to obtain the corrected platen
} position to be applied to the servos. Magnification M is applied to the
E autofocus calculations to obtain copy carriage position Lk and lens
§ carriage position Bk. These carriage positions are also corrected for
) position errors to obtain corrected outputs. A possible path exists
i between the rectification geometry calculation block and the velocity
| generation block, shown as dotted line in Figure C-2. This indicates the ¥

i possibility of varying print weloclty as a funceion of rectification geometry
i { variables to achieve a more uniform exposure of the output film, Although
_ : ‘ it may not be necessary to do so, light level variations due to optical

“1

% . A signal flow diagram of the rectification mode programs 1is shown
'

i

[}

magnification variations and non-uniform input film characteristics could
be compensated.

There are some additional program functions (not shown in Figure c-2) N
which operate on the servo outputs bYefore they are transmitted to the ré?
hardware. To control servo positions under dynamic conditions, a velocity £
compensation is applied to the servo outputs. This compensates for dynamic }
servo errors. The servo outputs are also velocity and acceleration limited '
to prevent servo commands from exceeding servo hardware performance limits.

Finally, since the servo hardware is incremental in nature, successive [
servo output positions are differenced to obtain the position increments '

which are actually trancmitted to the servos. A more detailed explanation l K

v B of this is presented in Appendix C.5. '~f
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w3 C.2 SAMPLE OPERATING PROCEDURES

The computer programs for the new EOR system were designed with
emphasis on operating ease and flexibility. The programs require a definite
response from the operator only in two instances - when the operating mode
(rectification, calibration, or diagnostic) must be selected and when the _
rectification option in rectification mode must be chosen. Otherwise, the |
t programs do not lead the operator step-by-step through the functions that

oo .
e % R
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need to be performed., The operatiors available to the operator are listed »

L oy TR QRN

f for his information. He orders the operations himself by telling the pro-
| gram what to do next.

-

At any time after the programs are loaded and before they are ended,
the operator can display data items. He does so by typing the data item's
= memonic and an action character. The operatcr also can change the values of

8 | c-5
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41, b
A i? data {tems whenever he chooses except during printing. To change a data
et | item's value the operator types its mnemonic, an equal sign, and the new i
'iiv value. As examples, all possible typed entries for a data item called !
EEN | TIME are listed in the following table.
N .k l
Bl - Typed Entry Program's Response 1
i .
B TIME? The program determines the value stored
] in memory for the data item and prints
'i it as
- TIME=0.0
B | TIME=3 The program changes to 3.0 the value
E b, 5 stored in memory for the data item, TIME,
L
-
o 1 TIME/ The program continuously displays the
Rl | value of TIME at the top of the CRT screen.
:? § i TIMZ\ The program stops continuously display- '
_?ﬁ s ing the value of TIME.
s% v Presumably, the operator has a list of all of the mnemonics available to
&4 ; him along with explanations of how the data items are used by the program.
; }1 The following sequence is not a set of general operating procedures.
;1' It is a sample to illustrate how the operator might run the new EOR system p
in a given situation. The situation assumed is that the operator is 4
’ rectifying an oblique frame copy negative. Actions taken by the operator 2
'f { (0) and the computer programs (P) are noted. :
% b f;.
A g
; Step 1: System Startup o il
0: (1) Turns on the computer and rectifier. {T;
¢

(2) Insures that the CRT terminal has power on.
(3) Loads the EOR disk cartridge. ; '
(4) Boots the system monitor into memory from disk, <

Step 2: Program Loading

0: (1) 1Initializes the monitor. ‘
v (2) Types j
RUN EOR

to load the EOR programs from disk into memory.
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Step 4:

Mode Selection

(1)
(2)

o)

Moves the servos to their reference positions.
Prints

R=RECTIFICATION MODE

C=CALIBRATION MODE

D=DIAGNOSTIC MODE

E=END PROGRAM

SELECT ONE
Types

R

to select rectification mode.

Option Selection

(1)

L

Prints

01=LINEAR ENLARGEMENT
02=FRAME

03=STRIP
04=PANORAMIC

93=STRIP II
ER=END RECTIFICATION MODE
SELECT ONE
Types
02

to select the frame option.

Rectification Setup

o))

Prints

THE FOLLOWING COMMANDS ARE AVAILABLE (WHEN PRINTING IS
NOT IN PROCESS) UNTIL NO OR ER IS TYPED:

IN=INITIALIZE RECTIFICATION PARAMETERS

PP=DEFINE PRINCIPAL POINT OR COPY AT CURRENT CARRIAGE
POSITION

AS=MOVE ALL SERVOS TO INITIAL POSITIONS

c-8
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(1)

(2)

(1)
(2)

(1)

(2)
(3)

(4)

(5)

ND=MOVE ALL SERVOS BUT DRUM TO INITIAL POSITIONS
NO=ALLOW SELECTION OF A NEW RECTIFICATION OPTION
ER=END RECTIFICATICN MODE

Inputs values of data itemé required by the frame option
by typing

vo=1.37
VF=-5.0
s=1.0

T=45.0

Types
IN

to initialize rectification parameters and determine the
correct lens. '

Computes initial rectification parameters.
Prints
LENS SELECTION IS 7" LENS
Loads copy negative into the rectifier copy platen.
Sets the 7 in. lens into position.
Types
RATE=P

to cause incremental rate inputs to be applied to the
copy platen.

Uses incremental rate inputs to align the principal
point of the copy negative with the coordinate system of
the rectifier.
Types

PP

to define the principal point of the copy for the program.

Cc-9
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=;#g (6) Loads film onto the recording drum. 0
b } (7)  Types
{1 ‘
51 AS
{
2 to slew all servos to their starting positions as deter- ’
'§ mined during initialization.
&
i Step 6: Continuous Display Setup 4
' 0: (1) Types
& TIME/
4
; SCANS/
! LK/
4
ﬁ to continuously display elapsed time, number of scans kS
q ! completed,and lens carriage position.
{'
) 1. P: (1) Continuously prints
[ & TIME=X.XX SCANS=XX LK=XX . XXX
'f';? 4
g%j at the top of the CRT screen.
: 1‘ Step 7: Rectification ¢ g
¢ o
T 0: (1) Pushes the START button.
o)
%
-ﬁ P: (1) Starts rectifying the copy and printing the rectified image.
i ;ﬁ (2) Turns on the STOP button when rectification is finished.
0: @9 Removes the copy negative from the rectifier copy platen.
(2) Removes the print from the recording drum,

The operator might now go back to Step 5 to set up another frame copy to be
rectified, type "NO" to return to Step 4 and select a new rectification
option, or continue on with Step 8. (At any time during rectification the
operator could have halted printing by pushing the STOP button. All of the
setup functions then would have been available to him. To continue recti-
fying he would have had to push the START button once again,

Step 8: Mode Exiting




e rere—— e L PP S PSR Lo g 8 ——
L ——————— = — ——— —

it e A e 7

LA
*

i wb.

R NE  aie L
¢

-

e N, W

S,

0: (1) Types

ER
to exit rectification mode.
Step 9: Program Ending

P: (1) Prints (see Step 3)
R=RECTIFICATION MODE
C=CALIBRATION MODE
D=DIAGNOSTIC MODE
E=END PROGRAM
SELECT ONE

0: (1) Types
E

to end the program. (The operator could have gone to
calibration mode or diagnostic mode instead.)

2] (1) Moves the servos to their reference positionms.
(2) Stops continuous display.
(3) Returns to the monitor.
Step 10: System Shutdown
0: (1) Unloads the EOR disk cartridge.
(2) Turns off the computer and rectifier.
C.3 COMPUTER PROGRAMS
The new EOR programs must provide for data acquisition, analysis, and
control in real time. Consequently, much of the coding will be dome in
the assembly lenguage of the system's computer. Where time is not critical,
however, FORTRAN will be used. Programs written in FORTRAN have the advan-
tage of being more easily understood and changed.
As envisioned, the EOR programs consist of several distinct program
sections each of which performs its own unique set of functions. To eaue

memory size requirements, not all program sections exist in core memory
simultaneously. Only three sections remain in memory continuously while
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the EOR programs are running. They are the clock program, the CRI driver,
and the loader. Lach of these sections performs functions which are required
by, and common to, all of the remaining program sections., The functions
executed by the remaining sections are needed only under special conditions,
fall into natural divisions, and are mutually exclusive. Therefore, each
of these sections 1s stored on disk as an overlay and is read into memory
during system operation only as it is needed. All of the overlays occupy
the same area of core memory. Figure C-3 is a map indicating the overlay
structure and the locations of the various program sections in memory

when they are loaded. Note that the overlay configuration is expanded in
the case of the rectification mode nverlay to include suboverlays which
correspond to the rectification options.

INITIALIZER

MENU 2
|_LINEAR ENLARGEMENT OPTION
FRAME OPTION

RECTIFICATION MODE [ ]
L]

L]
MONITOR | CLOCK I CRT DRIVER I LOADER PAN OPTION

s o T

L L el B e

I I | STRIP OPTION

CALIBRATION MODE

DIAGNOSTIC MODE

FINALIZER

LOW CORE > HIGH CORE

Figure C-3 - Memory Map

The monitor resides in memory during system operation for three
reasons., First, FORTRAN uses monitor routines. Second, the EOR programs
access the disk by using monitor I/0 calls. Third, the monitor takes
care of handling unusual situations such as power going down,

T R N [ T T T s
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C.3.1 Program Loading

When the operator of the EOR system is ready to run the pro-
grams he types a command to the monitor. In response, the monitor reads the
clock program, CRT driver, loader, and initializer into core memory from the
disk. Control is transferred to the initializer when program loading is
finished.

c.3.2 Initializer

The purpose of the initializer is to prepare the system for
operation. Figure C-4 is a flowchart of the initializer. Most importantly,
it performs the following functions:

(1) Reads from a disk file the calibrated corrections for the copy
platen, copy carriage, and lens carriage. These corrections
are computed and stored on disk during the calibration mode
overlay.

Causes clock interrupts to begin at the desired frequency.

Moves each of the four rectifier servos to its reference
position. The initializer, not knowing the current servo
positions, identifies the reference point of a servo by

slowly running the servo into its limit and then backing

up to a quantizer zero pulse position. Absolute positioning

is particularly critical for the copy platen, copy carriage,

and lens carriage servos because the calibrated corrections

for them are computed with respect to their reference positions.

The initializer is considered to be the first overlay and is executed only
once for each run of the EOR programs. It is overwritten in core memory
by other overlays and cannot be brought into memory again. When the
initializer has finished performing its functions it exits to the loader.

C.3.3 Loader

The loader's sole function is to load one of the overlays
according to a code given to it upon entry. The loader always is entered
from an overlay, and it always transfers control to the overlay that it has
just read into memory from disk. Figure C~-5 is a flowchart of the loader,
and Figure C-6 pictures the flow from one overlay to the next through the
loader. Before continuing on to the discussion of the remaining overlays,
it is necessary to describe the operation of the CRT driver and the clock
program,

C.3.4 CRT Driver

The operation of the CRT driver is critically interrelated
with the functioning of the overlays. The driver's purpose is to communi-
cate with the operator of the EOR system by way of the CRT terminal; there-
fore, it (1) prints outputs to the operator, and (2) reads inputs typed by

c-13
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the operator. Inasmuch as the overlays must converse with the operator,
the CRT driver is directly involved.

One output, continuous display, is uniquely appropriate
for CRT terminals. An area at the top of the screen is maintained for
the repeated listing of data items and their values. The operator
selects the data items to be included. Items that are especially suit-
able for continuous display are those whose values change with time;
e.g., the coordinates stored in memory for the rectifier's servos. But
any data item, even a constant, can be continuously displayed. Continuous
display occurs concurrently with other CRT terminal 1/0 and in no way
interferes with it. Although the display is called "continuous", it is
not perpetually happening. The CRT driver performs the display only when
told to do so by the clock program. The clock program keeps track of
time and initiates continuous display at some fixed interval such as five
times per second. Even when continuous display has been initiated, there
are time lapses for handling input. Output characters are sent to the
terminal one at a time and only when the terminal is ready to print them.
Also, the driver is in the position to give priority to whatever must be
done next. It is the CRT driver that controls CRT cursor positioning.

Another output, similar to continuous display, is the display
of a single data item once. This output is similar to continuous display
because a data item is displayed in response to a request from the operator.
It is dissimilar in the fact that the value of the data item is printed
only once instead of repeatedly. Items that are suitable for display in
this manner are constants, and variables and flags that are not changed
frequently.

A third output handled by the CRT driver is an echo of each
character of input typed by the operator. If the driver did not echo
typed characters, the operator would not know with certainry that his
inputs were being correctly received by the system.

The only remaining outputs handled by the driver are messages
from the overlay to the operator. The overlay fills a buffer with the
message and sets a write request flag for the driver to output the message.
When the driver sees the write request, it includes the message along with
the rest of its outputs.

As the operator types on the CRT terminal, the driver collects
the input on a character-by-character basis. It watches for special charac-
ters such as the RUB OUT key, which allows the operator to erase a typing
error, but it does not decipher the input otherwise until the entire line
has been entered. Once a line of input has been read to completion by the
driver, the driver decides what the operator wants and takes appropriate
action.

Some typed inputs expected by the CRT driver can be deduced

from the discussion of CRT outputs. It was mentioned that the operator
selects data items to be continuously displayed. He does so by typing in

C-16

Ry n T T O N s Y M N S TR LT e

LIS N o R




the assigned mnemonic of the desired data item followed by an action
character that means "Add this to the sct of continuously displayed values'.
The program responds by including the item in the list of those currently
being displayed. The next time continuous display output occurs, the new
item appears on the CRT screen.

A related input is one that requests the program to remove a
data item from the list of those being continuously displayed. The operator
types the mnemonic of the data item followed by an action character that
says "Remove this from the set of continuously displayed values'. The next
time continuous display output occurs, the item no longer appears on the
CRT screen.

Another CRT input concerning data items 1is the nne that
requests a value to be displayed once. The operator types the mnemonic
of the desired data item followed by a question mark, The driver responds
immediately by retrieving the value of the item from memory and displaying
it.

The operator also has the capability of changing the stored
values of data items., He simply types the mnemonic of the item followed
by an equal sign and the item's new value, The driver stores the value in
memory immediately. Changeable data items include prrgram flags as well
as variables and constants. An example of such a flag is the one that
tells the program which one of the four servos is currently active.
Incremental rate inputs are applied to the servo specified by the operator
through this flag.

If the driver finds that an input typed by the operator is not
one of the inputs just discussed, it defaults to the overlay currently in
memory. That is, it assumes that the input belongs to and is expected by
the overlay., The drlver exits to the overlay s¢ rhat any action required
by the input can be performed.

\ I.z
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Besides handling CRT I/0, the driver performs one other service
for the overlays. It keeps track of the status of the START and STOP panel
pushbuttons. The overlay sets a flag indicating that it wants to be noti-’
fied when the status of the buttons change. The driver watches the buttons
and exits to the overlay after a status change occurs.

g

Figure C-7 is a flowchart of the CRT driver. Note that it
loops upon itself checking for 1/0 situations. Because the CRT terminal is
not being used in an interrupt-driven mode the driver must be executed
often to ensure that no typed input characters are missed and output of the
next character in a message OCCCUTS as 300N €5 the CRT terminal is raady.
The driver's loop is interrupted only under the following conditions:

P e N
PR SRt RO

(1) A write request from the overlay has been completed.

£

P

(2) An input is not an input expected by the driver and is
presumed to belong to the overlay.
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- CRT Driver Flowchart (1 of 2)
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(3) The status of the START or STOP button has changed and the
overlay is waiting for the change.

In all three cases the driver exits to the overlay. It is assumed that
any operation the overlay must perform in response to one of these situa-
tions is not time consuming to the point where it interferes with CRT
functioning. That is, whenever the CRT driver exits to the overlay it

is not long before the overlay returns to the CRT driver waiting for
another input, sending another message, or waiting for the STOP or START
button to change status. This assumption is true wit!i one exception.
When the operator tells the overlay to end, the overlay does not return
to the CRT driver. Instead, it exits to the loader to have a new overlay
read into memory. Figure C-8 is a diagrammed summary of the flow of

control between the CRT driver, the overlay curreutly in menoty, the
loader, and the clock program.

C.3.5 Clock Program

Regardless of which other program section is running, the
clock program is executed at fixed time intervals as soon as the initia-
lizer enables the hardware clock interrupts. The clock interrupt goes off
and the clock executes to completion regardless of whether the CRT driver,
an overlay, or the loader was running. The clock program is at a higher
priority than any other program section. When the clock program is entered,
it saves general register contents and any memory locations that are
volatile., When it exits, it restores the registers and locations from the
saved data and jumps back to the interrupted program at the point of

interruption. The interrupted program continues on, unaware of what has
happened.

It is essential for the clock program to have top priority
because it performs the real time tasks of the EOR system., Specifically,
its primary functions are as follows:

(1) Output to the rectifier the servo control commands calculated
during the last clock interrupt cycle.

(2) Update the actual servo coordinates stored in memory to
include the servo outputs just sent.

(3) Keep track of the time passed since the last continuous display

on the CRT and set a flag to notify the driver when continuous
display should be initiated again.

(4) Read incremental rate inputs from the panel and save them
for use by the special clock functions.

(5) Execute the special functions scheduled by the overlay currently

in memory. Such functions may include computing servo commands
to be output in the next clock cycle.

Cc-20
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Figure C-8 - Flow of Control

Figure C-9 is a flowchart of the clock program and several special clock
functions.

C.3.6 Menu 1

When the initializer exits to the loader, it gives the
loader a code ..guesting menu 1 to be read into core. Menu 1l lists on
the CRT terminal the various modes available to the operator and asks for
his selection. The possible mode selections correspond directly to the
four remaining overlays. The operator may choose to (1) run the recti-
fication overlay, (2) calibrate the copy platen, copy carriage, and/or
lens carriage, (3) run diagnostic routines, or (4) end the EOR programs.
The operator's selection is converted to a code and menu 1 exits to
the loader.

Menu 1 schedules no special functions for the clock program to call.
It does, however, use the services of the CRT driver. Figure C-10, a
flowchart of menu 1, does not explicitly indicate the interaction that occurs
between the CRT driver and menu 1 overlay. This flowchart and the flow-
charts for all of the other overlays are meant to show primarily a func-
tional flow. Consequently, when a symbol such as the following symbol
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Figure C-9 - Clock Program Flowchart (1 of 4)
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